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Introduction and scope

Cities and urban agglomerations around the world are experiencing a rapid growth of urbanization. This
increasing urban population is in urgent need of efficient adel/@lefped mobility optiansluding an

inclusive public transpodtwork especially in developing and emerging countries. The economic growth in
the last few decades, rising aspirations, and falling cost of private vehicle ownership has significantly
increased private car owngoshnd usage especially in developing economies, leading to several urban
problems such as air pollution, accidgated fatalities, and urban sprawl.

Cities and economies around the world are starting to realize the fallacy of this traject@mydbggnogvth

through a fundamentalexaminatioto achieve a paradigm shift in urban mobility. One of the approaches

that is being adopted is known &"A w! €06) C| 2 DCWADg pl | gyl qgé] nyYe] n
targeted towards reducingthe néedtyi ¢ EDt g o0 GDCWA] AH YI D £tDAHAYTU
YUoOFéeuCU DnAowWlOeH)nHA FTDoFtD Yo wUD NodD UwUUé)] neéa
measures are targeted towards vehicle, fuel, and operational efficiemgyoof systems, which will be

the focus topics of this pager.

By investing heavily into urban public transport, both buses anaitggtresrnments around the world

are trying to decouple the trend of private vehicle owfrerakionomic growtMetros or urban railways

are capital intensive and usually reguimngdevelopment cyctimparedin comparison,riban bus

systems are flexible, less costly, and much easier to implement in a short span of time. Administrations are
recognizing the impgance of a decent quality of bus operation to address issueg@Encanclusion,

social equity, and justice. Developing transport nodes, in the longer term, are becoming the agents of change
in landuse planning and population densificatioh,fagi ¢ Y| i H YT D CD tCprRdiyiently,6 g [ ! ¢
the number of transit bssis rapidly increasing. Several countries are setting ambitious service level
benchmarks to achieve urban bus denitiea. meaningful comparison, this study willdocustandard

12m transit bus with an average capacity of ca. 80 passengers as this is the major type of transit bus operatini
worldwide.

Trolley bus
Double deck bus 1’7 %

200 Minibus 5,0%

5,2%
Midibus
150 8,4%

100

Types of vehicles Comfort capacity Max. capacity

Articulated bus
75 12,0 %

Standard bus

67,7%

30

Figuret Capacity andarket sharbybus types

ISUTP (2019) Sustainable Urban Transpoihftvbithrove (&) https://www.transformative
mobility.org/assets/publications/ASI_TUMI_SUTP_HIUApMHRD19.pdf



Though highly space efficient and with much lower emission footprint per capita as compared to private cars,
roadbased public transit has historically been prifnasiyd orfossitfuel basednternal combustion

enginesA few Eastern European countrigish used electric driven trolley buses, were the exception until

a big push by the Chingseernment for the adoptionetectric buses in the last decade. Fulfilling the

mobility needs of the citizenry with conventional bus technologies has caisedatmut air and noise

pollution, as well as detrimental consequences for climate change. A shift towards sustainable solutions anc
alternative drive technologies addresses pollutant emissions and consequent air quality issues. It helps to
reduce the rgative impacts on climate, health and the economy that arise with increasing urbanization. Poor
air quality impacts public health which inordinately affects the poorer segments of urban. settlements

Bus fleets must be renewed on a regular basis (cd0etey8 years but varies significantly), transit
agencies typically are active adopters of alternative fuel options as they naturally try to lower their fuel costs
and employ more efficient fuel opttdvisny of the large developing countries likedndiChina are also
significantly dependent on the imported fossil fuels exposing them to currency exchange linked market risks.

Currently, many bus propulsion technologies are available on the market, and choosing the most suitable an
sustainable option is crucial for transit agencies to increase their efficiency and make public transport more
environmentally friendly. There ismesizefit-all kind of solution for cities yet and transit agencies pick

and choose a propulsion technology based on their local needs and operational expectations.

For transit agencies and other relevant stakeholders to be able to make fullietiiomsedor or against

a specific technology for their bus fleet augmentation or renewal, a multitude of criteria needs to be
evaluatedThese criteriancluce capital expenditures, operating costs, greenhousairgasd noise
emissions, operation teria like driving rangenaintenancewhile enabling sociakpects such as
inclusiveness aratcessibility.

THs report is t@erve as a reference documentréarsport operatorpplicy makerandurbanplanners

aiming tointroduce, renewr expandous fleets. The report gives an overview of different transit bus
technologies and provides necessary background knowledge about strengths and weaknesses, as well a
suitable deployment contexts for different technaldbegal of this report is tenable decision makers

to takeinformed decisions about bus fleet procurewigteéconsiderindocal conditiongechnological
developmentgndtheir contributioto climate protection

This overview is structured in six parts:

1. TechnologgwThis section provides a broad overview of various propulsion technologies available
around the worlduch as internal combustion engahegtricalmotor,and hybrid propulsion
systems.

2. OperatiomThis section covers the operational aspéetrious propulsion technologéesh as
passenger capacitangerefuelling/recharging, etc

3. MaintenanceThis section covers the engineering and maintenance aspects of various propulsion
technologiessuch as reliabilitgkillsspare parts, etc.

2Traffic21 InstitufgVhich Alternative Fuel Technology is Best for Transit Bkes?
https://www.cmu.edul/traffic21/pdfs/alternativels policybriefbuses_web.pdf
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4. Environmental impaci This section provides a comparison of emissions and environmental
footprint of different bus technologiesnsidering noise and air pollutaord especially, GHG
emissions.

5. Financial aspecteThis section convers the financiafopmance as well as the financial
frameworks for different bus technolggimssidering capital and operational costs in vehicles and
infrastructure

6. Conclusiomrhis section provides a summary and an outlook on the deployment of bus technologies

Techniogy

Fundamentally, three types of propulsion systems are used in transit buses. These are the Internal
Combustion Engine (ICE) Propulsion System, the Electric Traction Motor (EM) Propulsion System and t
Hybrid (HY) Propulsion System. Each type caddokimtio further sutategories depending on the kind

of fuel being used and the alignment of the components in the propulsion system. The following chapter
provides an overview of the different options.

Propulsion System Sub-category Fuel Type

Petrol

Spark-ignition Gas (CNG /LGP / LNG / Biogas)

Biomethane

Compression ignition Diesel (diesel + additives, biodiesel)

Battery electric Electricity (charging station)

Supercapacitor Electricity (charging station)

In Motion Charging / Trolley Electricity (overhead line)

Fuel cell Hydrogen

Diesel / Gas

Diesel / Gas

—> Plug-in hybrid

Electricity (charging station)

Figure2 Overview of tnologies (Own source)

Internatombustiorengine (ICEB)opulsiorsystems

An ICE is a heat engine in which the combustion of the fuel occurs in a combustion chamber that creates higl
temperature which in turn expand the gases, creating a high phéssynelids direct force typically on a
piston, generating kinetic energy which is then used to propel the engine.

Besides the engine, another important part of the ICE powertrain is the transmission / gearbox which is a
torque and speed converter thapasl the traction output of ICE to the traction requirement of the bus.
These transmission systems can be manual (in older vehicles) or automatic (in newer vehicles).

The two most common types of ICE areigpditn engines and compression ignitioimengDifferent
sparkignition engines can be run with petrol or Compressed Natural Gas (CNG) or Liquefied Petroleum Ge
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(LPG) while the compression ignition engines are run with diesel. In the following, the different ICE types ar
explained in more deta@sed on the fuel type they run on.

Diesebuses

Compression engines running on diesel produced from crude oil is the most widespread bus technology
prevalent around the world. Compression engines running on diesel have been the preferred ghoice for buse
(and heavstuty vehicles in general) as their operation has lower costs than the petrol colinéetpatss

are lowemainly due time diesel motor being mawrelefficient and the diesel fuel containing between 10%

and 15% more energy thasoling Diesel buses are available in all shapes and sizes; ranging from smaller
9m buses to longer 18m articulated buses, they are also widely seen as single decker buses as well as douk
decker buses, which compnsest othe fleets in cities likendonSingaporeand Hong Kong.

Instead of conventional diesel, buses can also be powered with biodiesel, a renewable fuel produced fron
vegetable or waste oils. Often, vehicles are powered by a blend of diesel arelghiBazsel20%
biodiesel80% diesel). Tloeigin, production and composition of the diesel and biodiesel fuel has significant
consequences for the costs and emissions calculations of dies€hbuseslability of biodiesel is also a

hurdle towards its sustainable deploymdértagributes to crepompetitiorand expansion of crop areas,

which will be further discussed in chapter 4 on environmental impact

Gaduses

Gas fuels such as compressed natural gas (CNG), liquefied natural gas (LNG) and liquefied petroleum gas (L
just like diesel, are derived from petroleum. LPG is the third most common vehicle fuel after petrol and diesel

CNG and LNG are both methane derived from oil and gas fields. CNG is stored under pressure, whereas L
is cooled into liquid state for stordgeG is a mixture ofgmgduct from petroleum refinement such as
butane and propane.

Both forms of natural gas require special safety tanks onboard. They are cheaper to operate as compared tc
diesel when local sources and a distribution netwavkitakle. Approximately 11% of global bus fleet runs
on Natural Gas

Instead of natural gas, buses carfuristion wittbiogas, which is a renewable fuel produced from organic
materials/waste that is broken down by gasification or microbial. dttisifgrocess removes carbon

dioxide, moisture and hydrogen sulphide and therefore becomes biomethane. It is claimed that biogas
technology produces up to 84% less greenhouse gases than diesel and can reduce fuel costs by up to 30°
(Sustainable passengehicle solutions, n.dt)can also buefied or compresseis with biodiesel, the
availability, origirand production can have an impact on the eosssion calculatiorend overall
sustainability

30ffice of Energy Efficiency & Renewable Energy, U.S. Depidtmaeny, V W D £ D A cadcésSet Bebroasy s
2023 www.fueleconomy.gov

“Union Internationale des Transports P@UIER)Global Bus Survey 2049 e a E Og
https://www.uitp.org/publications/glofbais survey/

5Clean Fleeroject[Clean BusesExperiences with Fuel and Technology @i
https://www.ajsosteniblebcn.cat/cldauses_31741.pdf
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Electricmotorpropulsiorsystens

The EM propulsion system uses a traction motor system powered by electricity that comes from a battery,
overhead linsupercapacitogr a fuel cell. As there is no combustion within the bus, there is no discharge

of any gases at the tailpipkctric mtors, unlike ICE, do not need a transmission / gearbox system as they
can match the output torque requirements by simply adjusting the motor speed. An electric motor can also
output the torque rotation in reverse direction, which allows them to reogyénrengh regenerative

braking.

Batteryelectricbuses

A basibattery electri®@EBdrivetrain consists of an onfbfiard charger, a traction battery converter, an
auxiliary battery converter, and a motor drive. The power is stored in battecascandsefjienerated

through an ieexchange process (electrolysishaard, which is then directly fed to power the traction
motor. The power storage system or batteries can be recharged by reversexghl@genprocess.

Batteries have become rstays as fuel storage units and utilised in a wide range of bus types. Due to cost,
degradation over the lifecycle, and the amount of research that is going into the topic, batteries are
considered the crucial component in the BEB. They are avaifabdaficidemistries and configurations,

but they are primarily Lithiimm based. In a battery system, dozens or typically hundreds of single cells are
connected in series, forming a string.

The arrentglobafleet of BEBs is estimatedpproximately00,000 units of which 98% of the fleet is in
China. BloombextEF forecasts that there will be 1.7 million BEBs on roads by 2030

InmotionchargingIMCXrolleybuses

Trolley buses use in motion chargingsii§i€pshrough pantographs that connect to overhead wires. IMC
allows these electric buses to run on smaller and lighter batteries, which leads to reduced overall weight anc
batteryresourcesTo capitalize on the advantages of IMC an overhead wire networkenseidsp along

the relevant route$raditionallytrolley busseseremostcommon in the Eastern European countries. Only

a few of such systems are left apwhemassivaleployment dhe diesel busesnore flexible in terms of

route due to not refing overhead lines, aft®&45 reduced their market share strtdfglyadaysiue to

more efficient batteriethe flexibility aélectric trolley buséss increased as the buses have a higher range

when disconnected from the overhead wires. IMG systsaeing a revival mairtygihfrequency, high

demand corridors (e.g., BRT applications) with high daily mileage and hilly terrain.

Supercapacitduses

Supercapacitor buses are a type of electric bus which stores electrical charge inubletasierdo
capacitors instead of batteries. They operate in a similar manner to BEBs but have much lower range. The
can quickly be fully charged using aimploigarger or a pantograph charger in ca. 5 minutes and give a
mileage range ofl® kms per clige. These buses are generally deployed in predictable routes, often as
feeder shuttlem e.qg., airport€Even though a few trials are ongoing in Chin&oHgagd Europe, they

are yet to catch on and hence not discussed further in this report.

6BloombergNEfElectric Vekle Outlook 20229  kttasg/gbgut.bnef.com/electriehicleoutlook/
"Union Internationale des Transports Pub#&$ >nfrasfrugurefof in motion charging trolleybus systgmse a € E g
https://cms.uitp.org/wp/wpontent/uploads/2d207/Knowlede@rief IMC. pdf
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Fuelcellelectricbuses

Hydrogen is another fuel used to power EM propulsion systems. However, unlike other electric buses, the
power is generated-board using fuel It and hydrogen as fuel. Like the fuel on conventional buses,
compressed hydrogen is carrieth@ard in tankand fed into fuel cells where they react with oxygen and
generate electricity. The only discharge in this processwatenrd hese tanks dam refillegsimilar to

conventional ICE budgd 6o WHI & ¢gtDIl ) atD ToUD énC noeetrD Ao
hydrogen is stored under high pressure in the vehicle tank, typically 350 bar, the refuelling station additionally
requires othezomponents such as a compresHoe drivetrain, however, is that of electric buses.

Hydrogen as a fuel is attracting a high degree of interest in the public transit sector. Hydrogen, despite not
being a primary source of energy like fossddndbaised as aanergy carrier, like electricity, and as a

means of storage, like batteries. The biggest issue with hydrogen is that although plentiful, it does not occur
in a natural state but must greduceckither through electrolysis or using an indugtdaess Both
processedave averylow efficiencgompared to othéine production of other typedusl Hydrogen is

also flammable and bulky compared with many other fuels.

In the last few years, the share of hydrogen fuel cell electric busés t(feCEiE) market has grown.
Presently, hydrogen buses are still in a pilot stage and not produced or deployed at large scales. Currently, ¢
estimated number 85000 fuel cell electric vehicle€EB) exist worldwidenostly light duty passenger

vehicks, withbuses having a 14% sB&#€EB €0 D HOGOF) nAH DI Ton b@AB| é £ t ¢
projected to reach 200,000 by 2025 and China setting an ambition 6ICERBibpA030.

Hybridsystems

As the name suggests, hybrid propslgstems combine both ICE and electric motor propulsion systems to
optimize the positive qualities of both the systems. ICEs are optimized at constant speeds whereas electric
motors are ideal for variable speeds. Each of the engine types is tappely &octrdinghicle propulsion
needsnaking hybrid buses more efficient that their ICE countérpartkivetrains can be sequenced in

many ways and ttheeemost common ongée non pluip, the parallel pkig and the series phighybrid

are showm figure3 below

As there are two type of propulsion systeibsand, the weight of the vehicle increases, which in turn
requires a higher amoungenérgy to drive the vehicle. This can be partially offset by the higher efficiency of
the combined profsion system. Yet studies from ICCT have shown thatviloeldealel consumption

from hybrid vehicles is on average three to five times higher than what is specified in test procedures due to
higher use of the ICE m¥de.

8 Fuelcellbuses.gifydrogen refuelling concepty & AADUUDC VvDaiawedt eaeOg
https://www.fuelcellbuses.eu/category/concepts

°International Energy Agency (fE48), cell electric vehicles stock by region and ly 20@¢e
https://www.iea.org/datandstatistics/charts/fuetellelectricvehiclesstockby-regionandbymode2020
01CCHReatworld usage of philg hybrid vehicles Bnrope 2922 https://theicct.org/publication/realorldphev
usejun22/

UKeramyds eta Bealpo it C gDéeUWODNDARY o6¢g [t+tad0G)] C 9wUDUR V
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In a conventionpérallel hybrid, both, the ICE as well as the electric motor can drive the axle directly. Both
engines are connected to the power transmission which enables the vehicle to be powered either by one o
both engines simultaneouskhe parallel hybrids &wadamentally operating on a-gaaler system.

Parallel plug-in Series plug-in hybrid Battery electric

hybrid (PHEV) (PHEV) (BEV) Fuel cell

Fuel vehicle Non plug-in hybrid

No tailpipe
emissions

Fuel type
Diesel*/ CNG/ LNG/LPG Diesel + Electricity Electricity Hydrogen

* Including diesel + additives and biodiesel

Figure3: Main ypes of powertrains

In a series hybrid system, the ICE and drive axle are not directly linked: The ICE powers a generator ths
charges the vehicle batteries which in turn power an electric motor that drives the vehicle. The ICE is not
directly connected to the transmissibis dllows the vehicle engine to run the whole time at constant speed

Fl Ul Neél | NWN Dgg) Al DaiAtd »1 D aeyybDiat aereéenADU Uyl
The series hybrid drivetrain is fundamentally an electric one where fisssisddebnly for power
generation for storage into batteries.

Blended or serigmrallel hybrids are a combination of series and parallel hybrids that allow power paths to
the wheels by either electrical or mechanical means.

Hybrid buses can be furtliferentiated between conventional (HEV) anth glylgrids (PHEV). In
conventional systems, electricity is generatedtimacth diesel engines and stored in the batteries for use
by electric motors. On the other hand, in thim@iygtem the battesi@are charged from an external electric
power source, thereby reducing the dependence on diesel as a fuel.

Hybrid buses usually involve diesel fuels. Although there are other forms of hybrid engines without electricity
(e.g.dieselhydrogen hybrids), tlzeg very few in numbers and still in experimental stages. Hence, the focus

of this report will be on dieskdctric hybrids. Hybrid buses are a proven technology that have reached high
market maturity as the technology has been on the market for maeéeyiats They are auitable

compromise that takes advantage of positive characteristics of both electric propulsion as well as ICE

12Benz, Yl Gechyiew Report Electric BusBraunhofer MQBEZ15
https://www.imw.fraunhofer.de/content/dam/moez/de/documents/Working_Paper/\Wapkindlectric_Buses.p
df

BGritter, I Real World Performance of Hybrid and Electric Bugisttps://slocat.net/wp
content/uploads/legacy/ul3/report _hybrid_and_electric_buses.pdf
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propulsion. The vehicle is still primarily driving on fossil fuels, but the electric engine results in significantly
less fuel consumption than diesel buses.

60%

50%

50%

40%

30%

20%

10%

0%

Diesel Diesel + Biodiesel CNG LPG Electric battery Electricity Hybrid
additives

Figured Market share of different vehicles based orrémeltheUITRGlobal Bus Survey 2019

Figured shows the market share of the different propulsion systems based on the fuels they apply. Although
the share of alternative bus technoldgeseen increasing for some years, approximately 70% of buses
worldwide are still primarily reliant on diesalveemd0% of these buses are already on vehicle emission
standard Euro IV or ahtve

14Union Internationale des Transports P@UIER)Global Bus ey 20199 e a EOg
https://www.uitp.org/publications/glofbais survey/
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Operations

When operating transit buses in urban areas there are many different factors that affect the performance
and overall suitability of a certain technologycHégpter will take a closer look at the role that external
factors such as driving pattern, climatic conditions, altitude and gradeability play in operation. Internal factors
such as fuel efficiency, range, refuelliechargingand passenger capacityl also be assessed.

Driving pattern

One of the distinct characteristics of transit buses is that moving around cities requires frequent acceleration
and braking. This could be due to frequent bus stops which are usually spaced 500 metresajmast kilometre

or due to the road junctions. In mixed stream traffic, transit buses also must vary their speeds frequently due
to traffic congestion. This has a direct impact on the operating performance of buses and the resultant fuel
consumption. A technologgsibn for the transit buses should take these characteristics, which may differ
from city to city, into account.

In case of ICE propulsion systems, the gear/transmission needs to be constantly changing to cope with shifts
in acceleration and braking. @& Wwould keep running even when the bus is stationary. A transmission
system would normally control how the energy produced in the ICE is transmitted into the drivetrain. Braking
also means a loss of kinetic energy which is often dissipated throutfPHeat in

Propulsion systems with electric motors, in contrast, fit very well for frequent acceleration and braking
conditions. They do not require a transmission / gear system and their speed is controlled directly by the
amount of energy produced by tletredenotors. Electric, Hybrid and Fuel Cell buses can also be fitted with
regenerative braking systems whereby the energy generated during braking is fed back into the energy
storage system (usually batteries)oamd. This can make these types of mefficient for transit bus

operations that involve frequent acceleration and deceleration.

In case of modern hybrid buses, ICE is normally not directly connected to the driving wheels and can operat
in the optimal stationary mode, producing energadiion motors. When hybrid systems are being
designed, it is important to determine the optimal characteristics of ICE, ensuring its minimum fuel
consumption, which affects their cost and performance.

Climatic conditions

The general climationditions affect the bus operations significantly and have a major bearing in the bus
technology selectio@ll city buses, regardless of fuel source, experience some loss of range in extreme
weatherThese range losses arainlyrelated to changes irfiefency of the powertrain or to measures

used to ensure passenger comfort, sutte ase of heating, ventilationcainditioning (HVAC) systems

Internal combustion engines slightlymore efficiently in cold and less efficientlyoiter ambient
temperature€£Ms on the other hand, see a significant deterioration in their perfonulamesaiheand
a smaller deterioration in hot weatlibe optimal energy consumption of a BEB takes place at an ambient



temperature of 20°C to 25°C. A US sumty that in cold temperatures (betweamd 0° C) the range of
batteryelectric buses decreases by up to 38% and up to 23% for fuel celbpseetted

Increass or decreasein ambient temperature above certain thresholds lead to the more frequent use of
cooling or heatingihich reduces the amount of energy that is available for the movement of the vehicle
independent of the vehicle powertrain technéog§iesrequiringintensiveair-conditioning or heating

inside the buses, up to 50% offtie orbattery chargenay be useldly auxiliariewhich then would have
significant impact on the range that can be delivered on a singl&tharge.

Altitude

The performance of BPE deteriorates with altitude (cities higher than 2000 mean above séuctevel),
leads to an increasefoél consumption and tailpipe emissions géBes.fuel consumption can increase

by roughly 10% for a 1;&@@er altitude gain. Fuel cell penBnceslightlydegrades affected by altitude

due to lower air presstt&lectric buses on the other hand do not exhibit any significant constraints related
to altitude.

Gradeability

ICE buses operate quite well in a flat environment and engines are optimized for the energy consumption a
that level. Even though the enginepeawerful enough to provide traction to negotiate rolling terrains or
steep climbs, the fuel consumption (and consequent tailpipe emission) increases significantly. The engines
also become noisier when they are climbing steep gradients. On dograviltstitieal force assists the
movement, but any energy dissipated during braking actions are often lost or wasted.

EM buses on the other hand can accelerate and climb hills as well or better than diesel and natural ga:
vehicles. They're much quigtedoing sdoo. Most EMs are also fitted with mechanisms to capture the
braking energy and feeding it back to the drivetrain or storage systems. Such regenerative braking systems
can capture nearly 30% of the energy dissipated, which can offset higleemeoergtion required for

climbing a gradienthe weight of the batteries onBE#does act as a handicap whileimgayp slopes,

therefore, there is large potential for combining BEB with the trolley ICM iechitiglogyrainThis
combinatiorwauld allow to downsize the batteries and lower the weight, while providing a charging
opportunity while moving up the slépes.

5Henning, MD, U A& Ardilgsis pf the Association between Changes in Ambient Temperature, Fuel Economy, and
Vehicle Range for Battery Electric and Fuel Cell Electridfiifses
https://www.researchgate.net/publication/337290433 An_Analysis_of the Association_between_Changes_in_Ambien
t Temperature Fuel Economy and_Vehicle Range_for_Battery Electric and_Fuel Cell Electric_Buses

189 & 0l Un 0 &t¢ Ditiegye@piction of auxiliaries power demand: The challenge for electromobility in public
transportation 2 19https://www.sciencedirect.com/science/article/pii/S692819346463

"Basmaet alg Comprehensive energy assessment of battery electric buses and diesgl bgsésk O g
https://core.ac.uk/download/pdf/222875995.pdf

8Giraldo et afReal emissiondriving patterns and fuel consumptionuderdiesel buses operating at high

altitude g letasEWdngy.sciencedirect.com/science/article/abs/pii/S1361920918311428

BAlpredtetal.,y awk wbDhngy)] AD ktoeéeguyUyUoggD gwbDia NDoaabDnnwinHUNGOUYDOG
https://www.ufop.de/files/8913/8384/3541/20131 16Fafistuffstudie LBST.pdf
YR 0/ ~nybDanéeylonéerdD CDU »taeéenUFoayul
https://cms.uitp.org/wp/wpontent/uploads/2021/07/Knowle8gief IMC.pdf

wat] AU wm » w g
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https://www.researchgate.net/publication/337290433_An_Analysis_of_the_Association_between_Changes_in_Ambient_Temperature_Fuel_Economy_and_Vehicle_Range_for_Battery_Electric_and_Fuel_Cell_Electric_Buses
https://www.researchgate.net/publication/337290433_An_Analysis_of_the_Association_between_Changes_in_Ambient_Temperature_Fuel_Economy_and_Vehicle_Range_for_Battery_Electric_and_Fuel_Cell_Electric_Buses
https://www.sciencedirect.com/science/article/pii/S0959652619346463
https://core.ac.uk/download/pdf/222875995.pdf
https://www.sciencedirect.com/science/article/abs/pii/S1361920918311428
https://www.ufop.de/files/8913/8384/3541/20131107_FVV-Kraftstoffstudie_LBST.pdf
https://cms.uitp.org/wp/wp-content/uploads/2021/07/Knowledge-Brief-IMC.pdf

Hybrid buses perform quite well as far as gradeability is concerned as they are fitted with both a fossil fuel
engine and eleatdl drivetrain. The electrical system in a hybrid bus is also equipped with a regenerative
energy capture mechanism for brakiegertheless, the weight of carrying both propulsion systems is a
clearhandicap.

Fuelefficiency

Fuel efficiency is a direndicator of cost of operations as well as environmental impact caused by the buses.
géent Aownydta) DU TeeD CDeDLoFDC & pyenceac) ebC »0D
» DUUAt At Dr 2uwpiohZallows cogmparisdrivdi faet dificiemeylike to like basis.

Energy consumption can vary considerably by driving cycle and hence, route characteristics such as roac
type, number of stops per kilometre, and average speed should be considered when evaluating potentia
alternative transit busdhnologies. For buses with ICEs such as diesel, hybrid, and CNG, energy consumption
tends to increase with higher stop and go operations requiring frequent acceleration/deceleration. These
buses will consume less fuel per kilometre when deployed evitholigiser average speeds and fewer

stops than on routes with high levels of congestiorspekdy stoandgo driving conditiods:

In one of the US studies usinfpdOXcelsiobuseqgwhich the bus manufacturer New Flyer makes in diesel,
dieselhybrid, natural gas, and battery electric versions), fuel efficiencies in the standardized tests were as
follows®,

A diesel bus: 2.05 kms [iee of diese(48.78 1/100kms)

A dieselhybrid bus: 2.48 kms fize of diese(40.32 1/100kms)

A natural gas bus: 1.9Cskmrlitre of diesel equivalef@2.63 1/100kms)

A Dbattery electric bus: 1.26 kWh peeguivalent to 7.99 kms litee of diesekq (12.52 1/100kms)

Tablet Energy consumption for alternative poweffrains

Commuter/suburban | Medium-speed urban Low-speed urban
Bus technology operation operation operation
Diesel-electric hybrid +2% -20% -21%
CNG +5% +11% +23%
Battery electric -67% -75% -73%

This case showed that BEBs can be four times more energy efficient than diesel or natural gas buses. Th
actual orroad fuel efficiency, however, depends on the specificirdute WC | " H YT D €DI | AL D+
of stops, and terrain; passenger load; auxiliary uses of energy, e.g., air conditioners or heaters; and the
inherent efficiency of the engine or electric motor.

ZlUnion Internationale des Transports Publics (UiTR)2 » rR§2Ehtios:Audece.org/sites/default/files/2021
05/Session%203.1%26P0UITP%2%20A.%20Kerkhof%2020C.%20Martin.pdf

2n - pgyUt ! gi) AéerU WIiDDR qoa) tit@te¥eEHHUI | F “ 0ol DAYs | D
https://theicct.org/publication/soutifricasgreenmobilityflagshp-projectleetola-polokwane/

B O'Dea,d Blectric vs. Diesel vs. Natural Gas: Which Bus is Best for the ZjlkBate?
https://blay.ucsusa.org/jimmydea/electrievs-dieselvs-naturalgaswhichbusis-bestfor-the-climate/

24n - . » gCarpoh BeEhnology Pathways FonSadb D 3% aén 9wU VEDDYU ~n ea qDHegA
https://theicct.org/publication/lesarbontechnologypathwaydor-sootfree-urbanbusfleetsin-20-megacities/
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https://unece.org/sites/default/files/2021-05/Session%203.1%20-%20UITP%20-%20A.%20Kerkhof%20-%20C.%20Martin.pdf
https://unece.org/sites/default/files/2021-05/Session%203.1%20-%20UITP%20-%20A.%20Kerkhof%20-%20C.%20Martin.pdf
https://theicct.org/publication/south-africas-green-mobility-flagship-project-leeto-la-polokwane/
https://blog.ucsusa.org/jimmy-odea/electric-vs-diesel-vs-natural-gas-which-bus-is-best-for-the-climate/
https://theicct.org/publication/low-carbon-technology-pathways-for-soot-free-urban-bus-fleets-in-20-megacities/

Due to their poor energy efficiency ch@iEfBave a vgrhigh primary energy demand and are, according
to Doppelbauer (2008} as environmentally friendly as often bel@gd 580% of the hydrogen energy

is finally used at the FCEB drivetrain due to the elaborate production process. As hydrsg@ednust be
under extremely low temperatures or extremelgreggure, higenergy amounts are required to create
these storing conditiori®esearch is moving towards more efficient storage solutions such astite solid
hydrogen storage systems basdijbnmetal hydrides or hydride compo3Sitgss value resembles the
energy efficiency of diesel buses {20 comparison,-89% of the used electrical energy remains for
the propulsion of a BE The huge loss of efficiency could deciive difference between BEBs and
hydrogen buses.

Range

The energy density of diesel is much higher than that of batteries. This is particularly relevant since city buses
are required to run for the entire day. Average public transport operat@sriorsaboest50 to 300 km a

day (appro%0,000 to 100,000 kms a y@eansit buses have a more enarggnsive driving cydee to

traffic, more turning and stopping compared to intercity busesneegtional diesel buses, in most cases,

with afull tank would give the daily range of far over 300km before needing to refuel, giving them a high level
of operational flexibility. In case of refuelling, it is relatively a simple process and buses can be refuelled at
any gas station.

Hybrid, naturgks,and hydrogen buses also have a similar range in transit service with beéi@@en 320
before refuellirig) The route flexibility of hydrogen buses is therefore comparable to diesel buses.

The daily operating cycle of a BEB is heavily dependentrupubehef batteries included in the vehicle

and the charging concept. According to the National Academies of Sciences, Engineering, and Medicine
(2020), the actual operating battery ranB&Bés likely less than 250km with a single charge due to
operdional reserve that needs to be maintdi@EBs are run on similar requirements as diesel buses (long
distances on single charge) the biggest challenge is to range. There are examples around the world wher
replacing a route operated by diesel bugeBEBs required an increase in number of buses for operating

the same frequency. There are approaches that help avoid the increase such as introducing opportunity
charging or ICM as well as shortening or adapting th@ routes.

Refuelling Recharging

ICBbuses and hydrogen fuel buses are fuelled at the refuelling stations. Regular gas stations are ubiquitous
and do not require much explanation. Hydrogen fuel stations are specialist facilities with cryogenic handling
and storage of the fuel in case ofiliquiirogen and highessure systems in case of compressed hydrogen.

SHelmholtZentruml DiDofng [+ ClioHADRn pyomesdDdD qeybDi) et Urg éAADUU]
https://www.hereon.de/institutes/hydrogen_technology/materials_design/hytinaggsiinglex.php.en
26Bundesministerium fir Umwelt, Naturschutz und nukleare Siciry@&taktgomgbilitdtwas bringt sie mir?
Faktencheck fur heute und die Zukugft lgtasE\owgy.kea
bw.de/fileadmin/user_upload/Kommunaler_Klimaschutz/Wissensportal/Mobilitaet/BMU_elektromgdadfitaet 2018.
Z’Doppelbauer, dBtrategiepapier elektrische Pkaktueller Stand und zukiinftige EntwickR§LP
https://www.eti.kit.edu/img/conigStrategiepapier%20Elektroautos%20Stand%2020420V1.5.pdf

28 National Academies of Sciences, Engineering, and Yy@didielzook for Deploying Zemission Transit Buseg
2021https://nap.nationalacademies.org/catalog/25842/guidéedéployingzereemissiortransitbuses
B|CCTPreparing To Succeed: FM&de Planning Is Key In The Transition To ElectricdBusesa e a g
https://theicct.org/preparintp-succeedfleetwide planningis-keyin-the-transitionto-electricbuses/
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https://www.kea-bw.de/fileadmin/user_upload/Kommunaler_Klimaschutz/Wissensportal/Mobilitaet/BMU_elektromobilitaet_2018.pdf
https://www.kea-bw.de/fileadmin/user_upload/Kommunaler_Klimaschutz/Wissensportal/Mobilitaet/BMU_elektromobilitaet_2018.pdf
https://www.eti.kit.edu/img/content/Strategiepapier%20Elektroautos%20Stand%202019-10%20V1.5.pdf
https://nap.nationalacademies.org/catalog/25842/guidebook-for-deploying-zero-emission-transit-buses
https://theicct.org/preparing-to-succeed-fleet-wide-planning-is-key-in-the-transition-to-electric-buses/

Hydrogen fuel stations are much less common than Diesel or CNG, e.g., When rolling out FCEBs tt
infrastructure investment for these stations needs to be considered.

Several options aresdlable for the recharging of BEBs. These are rapid charging and slow charging stations
and both types are either implemented in the depot, at terminals or on the way (opportunity charging). Most
commonly, buses are charged when they return to thedegottenance facilities for overnight parking.

This gives sufficient time before the start of the morning service to fully charge through a slow charger
overnight. Also, during the daytime between the morning and evening peaks, when servidededels are re

and buses are returned to the depot for parking, BEBs can be charged during the day. Buses using this slov
charging method require a large enough battery capae@@Q2MWh) on board to run an average daily
distance of 26800km. If fast chargirsglutions are implemented, the batteries can be smaller as the
charging times are shorter and can be more frequent. An analysis of charging strategies for BEB would excee
the scope of this paper. Nevertheless, decision makers need to consider ttrahghstrettagy always

should be adapted to the specific use case and include analysis on the bus model ranges available, rout
requirements, charging infrastructure networks and a business case.

Passenger capacity

Finally, thgpassenger capacity is a cehtopic thatan varypetween the bus technologies. The energy
density of various fuels affects how much space needs to be devoted toviglitothgdous. A-fiieter

diesel bus can provide a maximum capacity of approxirEd@yp88sengers. Mostdels from other bus
technologies allosimilar numbers as the storage space of gases such as hydrogen and CNG can be steered
based on the pressuiEhebatteriesof BEBganbe quite voluminous depending on the chemistry and are
either accommodatedtire floor, or the roof or in the back. Choosing ekttgey and with that a longer

range, itnaytake away certain amount of passenger capacity from BEBs. In Asian cities where the buses
routinely run at peak capacity, this may mean that add@einalaff be required to service the same
number of passengers.
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Maintenance

Maintenance activities are critical for a successful delivery ofuactiefing bus operation. Bus
breakdowns during operations could create significant custatimrship issues in milder cases and may
jeopardize passenger and staff safety in extreme cases. Retrieval and redeployments may also be quite
disruptive and costly. Especially when deploying innovative technologies, the behaviour of components ove
their lifecycle might be less well recorded as it is the case in market proven technologies. A lot of emphasis
during technology selection, therefore, must be placed on the engineering and maintenaBEBgaspects.

and FCEBs are still new technologies, amastitbe considered thaarly adopterwill facesome
maintenancehallengeshat are not because of the technology itsefolmly due tthe stage of the

innovation cycle.

Reliability
[The business of a transport operator is to move people, aockttieefrequire high reliability in their

work instrument® Reliability and maintenance needs are thus crucial for transit agencies as bus schedules
might be disrupted and additional buses are required to replace broken buses.

In addition to the longwuing range, conventional diesel buses are characterized by high levels of reliability

of over 90%f the timé!and availability due to the dominance and the technological maturity of fossil fuel
which gives them a strong advantageatigemative technologies as these are not assedrched and

thus present higher risk for transit ageithdsreover, most alternative technologies require qualified staff

and high expertise, especially CNG and LNG buses where specific safepreneasessary due to the
highpressure tanks. As a result, natural gas buses have slightly higher maintenance costs (+15%) than dies
buses®*The maintenance costs of hybrid buses can be compared to those of di¢sel buses

In the long run BEBs arecetqu tdoe more reliable thdre ICE counterpadseto havingewer moving

parts inside the vehicleT é 0y ¢giaoN Uyt abDU éenC F) FDiUg YT DIDrRU n
even braking is largely done by the engine itself, sparing the mechaniBairbrgkbs. market ramp up

we are currently seeing thmatintenance costs are reported teitpdar as there acairrentlyfewer spare

parts available and not all mechanics are skilled well enough to repair eleeBERmgese known to

have a lower reliability rate than diesel buses in the early days of the fedMnaogyssessinbet

reliability and maintenance of BEBs it is also important to consider the charging stations as part of the
deployed technology. Especially, high power fast chargers are a product that is seeing a lot of innovation an
is more complér operating and miéiningthan the slow charging statiohs.theollout of BEBs and

charging infrastructurersoving ahead rapidly, so are the advancements regarding reliability.

30C40 Cities Finanweé A | t ] Bydluatien o¥/Bleatigc Byses for Ejer@Pushttps://cff-
prod.s3.amazonaws.com/storage/files/OUfjGtaTa9DVvErsxOvtsRUGMAGYEZR pdf

SITRANSfer Projgtdeyw Drive Technologies for Public Bus Fleets in International Coope2ditéh a g

2:9a : ) Y] DU V| Bvalda#oD of Fléc#d Budedfor EjeuBas/ wg [

3TRANSfer Projgtdey Drive TechnologiesPublic Bus Fleets in International Cooperatic2016 a g

#Gritter, yAsgessment of Low Carbon Bus Technologies foriVigtnagna E 6

A e gYLT ! gi) AérU WiDDR gqoad) ti@te¥eE#HUI | F “Gol DAYe | D
https://theicct.org/publication/soutifricasgreenmobilityflagshipprojectleetcla-polokwane/

%q D) UT n Drachnical ghd échngrgic cpmparisdiffefentelectric bus concepts basedhotual

demonstrations in European ditigs  lgitasE/@nip.info/1216637784/34
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Trolleybuses and hybrid buses are reported to have a similar reliability as di3@ddusdsch is the
result of the welinown and longstablished technology, same as with the diesel tecfinology

Safety

The protocols on keeping peassetsand infrastructure safe during maintenance activities has been
improved a lot over the pestades and most risks associated with ICEs are known and ‘meacageel

Diesel buses due to their long history have through a series of incremental improvements and finally what we
have is a relatively robust vehiodwertheless, accidents do hapB&IG/LNEPG require storing fuel at

high pressure or cryogenic temperatures, both the states of matter which could potentially cause safety
issues due to explosions. Fuel handling therefore requires staff training and certification on a consistent
basis

There have besmgleincidents with lithiunonbatteries on board of BE#gereoverheatingr physical

impacthas ledo fires and explosiarkhis cabe avoidei thebatteries ar@andledvith expertiséPeople

handling the maintenance must be extremely careful in having clear procedures in place to ensure battery
packs are not exposétie maintenance team must haperise regarding specifipes of batteries, as

lithium batteries are available wiifferent cathode materigs.g., LFP, ivetc.)whichhave different
sensitivities.

FCEBavethe same issues as CNG/LNG/LPG where the liquified hydrogen is present in cryogenic conditions
in high pressure. This makes maintenance of these vehislesciagiged jobs. Bus operators must instil
a training or certification process for the maintenance staff

BEBs / Hybrids aR€@€EB are, however, new technologies and some of the specific safety issues are still
being discovered. For example, despiteggharihighstandards of safety norms, in a recent incident a fire
destroyed 2BEB$ i pUWUUHeéaUyUDO pydeéedDnael nbDin wpu99wrU CDTF
precaution, SBB has taken all buses of the suspected model out of sendee dlkerkden incidents of

(Yl DiNetL GwnFéetr FIDOD onbD aeyybDiat ADtt TDeyU w-
pack. Water/humidity intrusion in the battery pack is another suspected cause of fires/explosions and most
modern BEBseaextensively tested to obtain IP68 certifications, which is highest level of compliance against
water intrusion.

On an overall basis, the number of safety incidents on BEBs are lesser thaRCER aresesen more
novel a concept and their riskisb@iknown as they become more mainstream.

Technological advances (sensors, 0T, communication and computing) have created much safer systems t
enabling platforms for réehe vehicle health monitoring systems and fault detection and correction
systemsBEBs are part of new technology and a big part of battery management and charging management
relies on these technological advances. Most of the ICE bus stock in the world is what is referred as the legac
stock. Because of this reason, ICE buses arelessstiighech as compared to BEBs.

Staffingand skills

The maintenance requirements for gas vehicles are in line with diesel vehicles. The use of NG/LPG buses al
HDVs is not expected to have any impact on the resources required in terms of warddhtipmas.

¢y Dén VEDDYU ohloT DRYDH ADE DEIRYIO WIWDE énC »DATAOLOHE w
https://www.ajsosteniblebcn.cat/cldauses_31741.pdf
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Workshops can be refitted to install gas detectors, upgrade ventilation etc. to meet international standards
for handling NG/LPG vehicles. No increase in vehicle mechanics is envisaged, although mechanics would |
required to undergo retriaign

The adoption of new technologies su@E8&sand FCBS willrequire a complete shift in fundamental

skillset in the frontline staff. Even though from a driving perspective, there are no major changes apart from
the interfaces with the-moard equipment and indicators, from a maintenance point of view tfzgoe is a m

shift from a mechanical propulsion system in ICE vehicles to a high voltage electrical propulsion system.

Having said this, the maintenance of BEBs is less onerous as compared to ICE buses due to less parts al
simpler drive train. BEBs are genedaltymore digitalized and introduced in combination with advanced
asset management strategies such as predictive maintenance platforms. These intelligent platforms further
improve the productivity and reduces the need for manual inspections andmsteiMaaitional
dieselLNG/LPG vehicles can also be moved to these platforms but in practice, most of those are still operated
using manual or outdated IT platforms.

Being a new technolo§ZEBsire also highly digitalized and equipped with advancad sedsloT
devices. This makes their maintenance very efficient and like BEBs except that hydrogen storage (at high
pressure or at cryogenic temperatures) and fuel cell maintenance require specialized staff and related skills.

From a maintenance actiyitint of viewthere aresystems or subsystefist aregenerally agnostic to
the bus technology adop@dmponents such amds, windows, seaizdios, fareboxes, camera systems
mutiplex systemsdr system (except compressor drigmyer steeringexcept pump driyend takes
(except regenerative braking)

On the other hand, systehaare unique to each technolaguiredeep technical skitisbedeveloped
or adapted within the maintenance tedimsse components are tmepulsiorsystem energystorage
HVA(Calternator, and thaelling/chargingystem.

BothBEBs anBCEB use electric powertrains. From the maintenance perspestivis, aisk associated

with working on high voltage systems that can cause an electrocution and could be fatal. The maintenance
staff therefore need speciali$égh voltage systemaining, certification and are required to wear Personal
Protective Equipmen®®), such as, insulated gloves, goggldd,ingnT F Dt | nUWLéyUDC a060
(a long, insulated pole that can be used to separate a person under electric shock from contact). BEBs ar
normally denergised during routine maintenance activitigs bun € AU] €] Y] DU FI DaD
floor areas or the zones must have adequate warnings for safety.

Depot layouts

ForICEFCEBand trolley electric buses, where the refuelling is typically done outside of the parking bays,
there are two distihfunctions in a bus depgtarking and maintenance. At theoéiide duty cycle, the

operator would, after basic inspections, refuelling and washing, park the buses at assigned or available
parking spot. Maintenance teams, based on their preventeeamee cycle, will take possession of the
designatedehiclesand drive them to maintenance pits or bays. Once the maintenance is completed, these
buses are drivdrack to parking bays for operators to put in service. As there are no activitekiag the p

bays where buses spend most of their time in the depot these spaces can be designed very efficiently anc
closely spacedpart from hydrogen storage and refuelling faciliti€s; Bigepot layout is quite like ICE

depots.
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Apart from parking andimanance, BEB depots also do another important fawtgtmotcharging. In

most cases this is integrated imitheparking, but space needs to be created to accommodate the charger
installations. Buses while charging should also be well spaceay feasafes. In case, charging is done
separately (such as by using-btégiacity overhead chargers), esgeze is needed to accommodate the

vehicle charging and movements in and out of these charging areas. Operators who are transitioning from
ICE to BER=ed to account for this capacity reduction and replanning of deppespanisdly in intercity

depots, where space is limifEBlde main hurdles for settingcopt and energy efficiesiepot charging
infrastructure is the upgradepofverconnectiorio the deposite, coupled with local production of power
(e.g..through PV) and storage optiBESB technologgquires operators to redesign their current depot
layouts.

Spareparts

In any automotive system, more the parts, more the pailtseofThe ICE buses comprise of several
components which includes the engine, gearbox, and a drivetrain. On the other hand, BEBs are much simpl
with just the traction motor and the drivetrain as key driving components. BEBs do not have an exhaust
sysem, their braking systems are simpler (traction motor can also be used for speed control) and do not
require oil changes. Hence, BEBs have significantly fewer parts than traditional ICE buses. This translate:
directly into the inventory of spares requ@rddeep a smooth operation. Less spares also mean, less
obsolescence and hence less overall wastage.
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Assessment anvironmentampacts

In the light of climate change, increasing pollution and noisy inner cities, it is important to consider the
environmental impact when renewing bus fleets. Depending on the deployed technology, tailpipe emissions
can expulse greenhouse gases (GHG), that contribute to the acceleration of climate change, and furthe
pollutants into the atmosphere. In urban amas, pollution lowers life quality which also plays a factor

when selecting a specific bus type.

Air pollution

Transit buses are important contributors to local air pollution as they are typically circulating in densely
populated areas. The productioacdafl lair pollutants such as Nitrogen oxides (NOx), carbon monoxide (CO),
volatile organic compounds (VOC), particulate matter (RNphadbxide (SO2) can negatively impact

the human health and environment. Air pollutants might therefore ihBudgecsibimaking process in

cities already experiencing high levels of air pollution.

Especially in the case of ICE buses, the combustion inevitably results in a cocktail of exhaust gases such a
carbon oxides, sulphur oxides and nitrogen oxidesiom &olaithers. Many of these gases, when inhaled,

can cause significant damage to human Heakhin sideaths worldwidse linked to air pollutidhree

times more deaths than from AIDS, tuberculosis, and malaria combined and 15 times nadireséinan from

and other forms of violen&Many ofhe pollutantalso stay in the atmosphere for a long time and may
locally cause acid rain and globally, increase the heat retention of the atmosphere, which then leads to climate
change?

Diesel buses irigeral produce high levels of air pollutant emissions, although these vary depending on the
emission standards. Buses with old vehicle emission standards such as Euro IV and its predecessors ar
responsible for high levels of NO2 particle emissiondafgeinoestment and efforts in the development

of efficient filter andatalyst technologpy the last years, the level of air pollutants was effectively reduced

in modern Euro V/VI bud&ellevertheless, these buses still emitting higher tank toewdisedfl air

pollutants than the other technologies. Euro VI standards achiewe @890%eduction in particulate

mass, particulate number, and black carbon emissions as compared to Euro V and is the best available contr
technology for emissions frtdkE. Biodiesel has the potential to reduce the PM10 emissions significantly,
while it might increase NOx emissions of buses compared to conventionaf'diesel fuel

Since 2014, Europe has mandated Euro VI standards, which are significantly clealessveithissicis

as compared to earlier Euro buses.a80wenodthe tailpipe emissions of diesel buses are also reducing
drastically. A comparison of particulate matter (PM) and NOx for different Euro standards is shown below
These reference figures magy in actual applications depending on the vehicle operation and maintenance
characteristics.

%The Lancet Commisgiétolfution and health: a progress updgte € a e e g
https://www.thelancet.com/journals/lanplh/article/P11S2528(22)00090fulltext

¥European Public Health Allignoe,] D | n €] U] a LD D:W Gkor Flibisgoephe)GlfdFgd £ £ WU | o )
content/uploads/2018/07/Clesnbriefing.pdf
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https://www.thelancet.com/journals/lanplh/article/PIIS2542-5196(22)00090-0/fulltext
https://epha.org/wp-content/uploads/2018/07/Clean-air-briefing.pdf
https://epha.org/wp-content/uploads/2018/07/Clean-air-briefing.pdf
https://www.ajsosteniblebcn.cat/clean-buses_31741.pdf

At the time of the publication of this paper the European Commission is working on the Euré VII standard.
The new standard will confront n@lishe decisioif it is worthwhileo further invest into the research

and development of Euro VII ICEs or directly go for BEB teSonodo@EMs have already made this
decision in favour of BEBs for transit éises.

LNG and CNG buses only negligibly reduce TTW air pollutant emissions compared to modéfn diesel buse:
The air pollution in urban centres cannot be improved much by using Natural Gas Buses even though P
emitted from CNG vehicles tends to be much émdeNOx is comparable to that of Euro VI vehicles.
However, the extraction and transfer of the gas may lead to their leakage into the atmosphere and cause eve
more global warming than CO2 due to the 34 times higher global warming potential of methane.

WLTPtype-approval values suggest thdiridvehicles can helowelGH@missions to a certain degtee.
must be consideredat therealworldemissions arkkely to béar highemlas theWLTP values dngghly
dependent on the optimal usage of the ICE and EV pottatcainsoialways be met in bustyes and
challenging topographi€gase studies show hybrid bu4g23 kg eger kmyo run more fuel efficient
than diesel bus¢t9kg Ceperkm)butthe hybrid technologgnnotreachazereemissiorievels

Except for pollutants from abrasion and resuspension, electric and hydrogen buses do not produce any
tailpipe air pollution. Replacing a diesel bus fleet with those bus technologies would strongly reduce particle
matter, NOx and SO2 emissions. Howelvas, yuth GHG emissions, the amount of WTW air pollution is
highly dependent on the energy production as upstream air pollution is generated if electrical energy or
hydrogen is generated with fossil resources. According to the TRANSfer Projectv€0p6)ydraplents

can filter thosemissions more effectively thvahicleengines Thepollutiorcreated byower plantalso

is emittedn less critical pollution zones than where huseSignificant reductions of air pollutants have
significant effets on local air quality which results in major health benefits for the population. In general,
emissiorfree bus operation is possible with electric buses and green hydrogen produced from renewable
energy sources.

GHG emissions

The production and operatifrbuses can have negative environmental impacts due to air pollutant and
DUFTDA] ettt HOGDDAT owUD HéU ww[ Wy DN]JUU}Jo6nUe ¢ : 06N
carbon dioxide (CO2), carbon monoxide (CO), nitrous oxides (NOx) volatig@mrgdsi¢VOCs), and
Fedy] AwbLeéeybd NeyuybDd w qur abDU] CDU NDUT énD w:[06uw |

“2Europea@ommissiomEuropean vehiobenissions standardfuro 7 for cars, vans, lorries, and bugese a € e g
https://ec.europa.eu/info/law/bettezgulation/havgoursay/initiatives/123Eiropeatvehicleemissions

standardsEure 7-for-carsvanslorriesandbuses_en

“DLDAUYG) EDJAONg [ @) NL D »0wAL AéttU Yo éeAADLDGEeUYUD abD
https://www.electrive.com/2022/10/13/dautnierks busescallsto-acceleratezevtransition/

“A s »g [ »1 D O é F-gntssidh Dubds v N B & Dty ¢/ tbe@®. & @wp
content/uploads/2022/09/zeemissiorbuseseuropesept22.pdf

A » gwortd uisge of phig hybrid vehiclgsin D W i 63 f/tleice. @ ggpeltdication/reatorldphev

usejun22/

%eaea ) EClaYEBG] €l aWUDYe )] n YT D woaen awU gLDDUrg eaeEg
https://civitas.eu/sites/default/files/measure_evaluation_report_Ipa7.2_10032021 final.pdf

“’National Academies of Sciences, Engineering, and tyledicitéw | CDa 06 6 L -DNG U U@D At otlijemid | )D
2021https://nap.nationalacademies.org/catalog/25842/guidétmed&ployingzeraemissiontransitbuses
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https://ec.europa.eu/info/law/better-regulation/have-your-say/initiatives/12313-European-vehicle-emissions-standards-Euro-7-for-cars-vans-lorries-and-buses_en
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https://theicct.org/wp-content/uploads/2022/09/zero-emission-buses-europe-sept22.pdf
https://theicct.org/wp-content/uploads/2022/09/zero-emission-buses-europe-sept22.pdf
https://theicct.org/publication/real-world-phev-use-jun22/
https://theicct.org/publication/real-world-phev-use-jun22/
https://civitas.eu/sites/default/files/measure_evaluation_report_lpa7.2_10032021_final.pdf
https://nap.nationalacademies.org/catalog/25842/guidebook-for-deploying-zero-emission-transit-buses

The creation of GHG emissions of bus technologies can be determined in many ways:
A [ OiotOd DDtr DN]J UUJonU wO»Ow éCC)yY|Jonéertt NDeéeUW
the production of buses and components like batteries as well as the usage and transport of fossil
fuels in the production process (Production and Use Pagéctnre below); and

A Obotwii e €Dr DN)J UU)onU UT &y | n eotlizjatget disposdl @IAL WC D
the phases in the picture below).
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These concepts are illustrated in the figure telow

End of life phase

Use phase

Raw materials extraction Bus operation

Manufacturing of vehicles and
infrastructure

Landfill

Production of fuels/electricity

Well-to-Grave (WTG) |

I Well-to-Wheel (WTW) |

' Tank-to-Wheel (TTW) |

Figureb: Determination of GHG emissions for vehicles
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Similar analogies are applied for Hydrogen buses.

As the name implies, TTW focuses on the impacts at the vehicle level which is more comparable across th
board and simplifies to vehielehnologies. At the vehicle level, zero emission buses fare extremely well
primarily because they do not do energy generation like ICE vehicles do. BEBs store the energy generate
elsewhere and release when needed and hence are much cleaner at T9Miscdrhpagh WTW
comparisons depend on location of energy or fuel production, transportation/transmission, and distribution,
it is more widely used for comparison of the environmental footprint of various bus technologies.

BEB TTW efficiency is abouttnfaof 3 higher than ICE buses. In BEBs, energy is not consumed while the
vehicle is stationary, unlike ICEs, which consume fuel while idling. However, looking at the WTW efficiency c
EVs, their total emissi@are even lower than ICE vehitlesuntes where electricity generation relies on

fossil fuels?

“®Grutter, HReal World Performance of Hybrid and Electric Bulsgisttps://slocat.net/wp
content/uploads/legacy/ul3/report _hybrid_and_electric_buses.pdf

“Transpor& EnvironmenfDoes an electric vehicle emitiban a petrol ordieseld e aeag
https://www.transportenvironment.org/discover/agestricvehicleemitlesspetrotor-diesel/
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When taking sustainable decisions, it is vital to fod&iBVdremissions account for the totality GHG
emissionshroughoué & Wietixld Fhe results for WTW can vary depending difiee¢nariables (e.g.,

energy source used for vehicle production, source of fuels, recycling process, etc.) so a general number i
difficult to name fdhe production phase, which will be discussed below. To start it is helpful to consider that
CNG andd3iel run buses are not a solution for complete decarbonisation of the transport sector, as shown
in theTTW emissiomable below.

Table2: TTW emissions expressed in equivalent greenhcarsisgmss per kwh of foehsumet!

Technology TTW in gGHG/kWh

Being the most used technology, the diesel buses will serve as the baseline for the comparison with other
technologies and measurement of potential to mitigate GHG emissions. Diesel vehicles are known for high P
and NOx emissions. NOx is@igsor to the formation of secondary particles and ozone in the atmosphere.
Diesel PM consists mainly of black carbon (BC), thdasgeshdontributor to humarduced warming.

Even the cleanest diesel releases very high leveleloéiCurnedSome of the GHG impacts of diesel

can be mitigated by adopting biodiesel, although the mitigation potential heavily depends upon the origin,
availability, and processing of the bidfuetentlynostbiofuels are only used in blends with conventional

fuels, the most widespread blémihgthe B5 consisting of 5 percent biodiesel and 95 percent petroleum
diesel PurebiodieselsB100are not widely adopted but could save large amoG& amissionis
NDny|]onbDC | n Al éFyDa e [»DATRnOoLOHt rg itddridn, W[ W |
production, ancbmpositionFrom an GHG emission perspeétitsvinportant to consider that an increase

in demand of biodiesel wdestl to the nekof crop area expansion. Thep are@xpansiomould entail

the conversion of fallow lguasturesor forests intarop landwhicksets free GHG emissions as it reduces

the carbon storage capability of the fand.

In comparison to diesel fuelsglusinning on natural gas cannot reduce GHG emissions significantly as LNG
or CNG are also frenewable fossil fuels. In some cases, LNG/CNG buses can even fare worse than diesel
engines and produce more GHG emissions, depending on the extractiom phecgsality of the gas, as

well as the transport distance tdftiedlingstation and the efficiency of the bus eligjiileebiodieselthe

combustion dbiogascan be classified aarbon neutraDuring the combustiohbiogasnethaneés set

O Global Inflay 0 WA U W i D G¥ &idaricd: Cléan Tettinolbgydptifuses g e ae e g
https://documentsl.worldbank.org/curate@®@9%12112062241767/pdf/IDU020d91b36009f404c5a0b516051b8b9c9efe
5.pdf

A oYUt pu! gi) AérU WIDDR qoa) titte¥eEHHUI | F “ 0ol DAYe | D
https://theicct.org/publication/soutifricasgreenmobilityflagshipprojectleetola-polokwane/

2GScarlaf  r  Thé&JRoke bf Bigengrgthim Bioeconomyap19
https://www.sciencedirect.com/science/article/pii/B9780128130568000108?via%3Dihub
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https://www.ajsosteniblebcn.cat/cldauses_31741.pdf
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free and therefore, Gét@issionsire added to the atmosphé&sthemethaneamedrom plant matter that
initially fixedhe amount of GHG emissfom® the atmosphergvherregrowing theserops,the same
amounggainwill beremoved from therabsphere, making it a carbon neutral cycle.

Due to their partly electric drive technology, hybrid buses do reduce GHGoenpiastah®onventional

diesel buses and create less negative environmental impacts. As hybrid buses have the pd8ntial to save
40% fuel, equivalent mitigation of GHG emissions can be directly @bbigyedhybrid buses can be
considered lowarbon transport, they cannot completely decarbonize transport because emissions
reduction is highly dependent on the extent to Wwhit®g is used in the hybrid veliicles

BEB<urrently have the highest potential to reduce the most GHGsaroisgiared to other technologies

When only looking at TTW emis8&itsarealready an emissibree technologyDue to upstream GHG

emissions from electricity production, the WTW emissiBEBsire dependent on the energy mix of a

region or a country: To have low GHG impact, the electrical energy must be produced solely from renewab
energy sources. WTW zmrossiorBEBsare alreadygssible in some countries like Paraguay, Bhutan,
Surinameyr Costa Rica as the weighted emission factor is close to zero since electricity is solely generated
by renewable energy sources. Countries like Sweden with a high share of renewableeragygynixthe

can reduce much more GHG emissions than other countries such as Poland or Estonia with a high share
coalbased electricity. There are 13 countries in Asia which have set clear transport emission related emission
targets and BEBs would enalidey shift as far as transport sector is concerned.

Even in regions in which the electricity generation is heavily reliant on fossil fuels, the use of electric buses
can produce some WTW emissions reductions betdgéncOmpared to diesel buses asrigldnises

have more efficient drivetrains than ICEs. To further reduce GHG eauissi@ssand cities should strive

for an energy mithat relieon renewable energy. In addition, the production of batteries for BEBs creates
significan@additional GHG emissions with an average of 110 kgCO2eqg/kWh that must be.atbeunted for
recycling and second life of used batteries, on the other hand, can potentially decséasiptim FO

9D9 U U] Hnbuspd oiré forhh tpartdof thedslar economy, with bus batteries integrated into
iDnDFéatD HO)JCU énC wUDC ¢gol toéeCt aétLénA]nAH énc
FCEBs do have the potential to diminish GHG emissions significantly in the future. Hydrogen buses may eve
driveenssiong 1 DDd [ o0FDeDidg YyijJ U J U T]JHT Lt CD¥FDAcCDRAyY on
produced from renewable energy sources does not generate WTW GHGndepssidast of which
technology is used for the electrolysis to produce mydhegerocess is only carbon free if the power used

is from carbon free sources (e.g., r@olevenergy Currently, there is very little supply of d¢nabogen,

as only 2% of the worldwide hydrogen production is generated by renewablbehgrmpst market

share belongs pWi Dt T+ CtioHDAr FT|J AT J U Hé)nADC ¢giuoN néeuy
emissionsThese emissions are generated in the production phase of the process and the only tailpipe

S4Gritter, yAsgessment of Low Carbon Bus Technologies foriVigtnagna E 6

%5 Asian Development Ba8kistainable Transport SolutitiestCarbon Buses in the People's Republic af Ghina
2018https://www.adb.org/publications#sainabletransporisolutionspeoplesrepubliechina

S6European Bank for Reconstruction and DeveldpBRP{Going Electnic2021
https://www.ebrd.com/infrastructure/gcielectic. pdf

S"Federal Ministry of Education and Rese@roy IVssggswertes zu Grinem Wasseraff)
https://www.bmbf.de/bmbf/shareddocs#ueldungen/de/wissenswersgruenermvasserstoff.html

% 1 D: | Ut Do Hydrdden FDél Celj Vehicles Make Sense foaflaes?
https://thecityfix.com/blog/hydrogémel cellvehiclesmakesensecities-eleanofjackson/
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emissiorfrom the fuel celis the vehie, no matter which type of hydrogewater which enters the
atmosphere in a vaporized f&rm

If nonrenewable energy sources are used in the production of hydrogen, GHG emissions may even surpas
those of diesel buses. Other forms of hydeogegréy or blue hydrogen) are not free of emissions as they

are obtained by fossil fuels. Although the production of hydrogen does influence overall GHG emission:
results, hydrogen buses have the potential to run effingssion

Technology Greenhouse Gas Emissions

Conventional Highest CO, emissions per kilometer. Biodiesel can save up to 70-85% of WTW GHG
Diesel emissions. Increased demand for biodiesel would lead to expansion of crop areas for
production which would then counteract the savings.

Diesel-Electric A 25-40% reduction of GHG emissions is possible, but Diesel-Electric Hybrid Buses are not

Hybrid aviable option to fully decarbonize the transport sector.

LNG and CNG are non-renewable fossil fuels. They may offer GHG emissions reduction
potential in comparison to diesel but can never be emission-free. Biogas can reduce CO,
emissions if methane emissions are avoided.

Electric Buses Zero-emission at tailpipe. Potential to become emission-free if electricity, batteries and
components are produced solely by renewable energy sources. WTW GHG emissions are
dependent on local energy mix. Even in countries dependent on high fossil fuel-based
energy mix, GHG reduction of up to 45% possible due to an efficient WTW energy cycle.

No tailpipe emissions and may drive emission-free if produced solely with green
hydrogen. Currently, only 2% of hydrogen is produced by renewable energy sources.
Highly inefficient WTW energy cycle needs to be taken into account.

Figures Assessment of GEl@issions per technology

Noise pollution

According to the World Health Organf2atiiaffic noise can have major impacts on the human health and

is one of the biggest environmental problems, only surpassed by air padiutjibmaideh pollution does

not directly account for fatalities, it can cause major health problems like hearing problems, heart diseases
or sleep disturbanc&sThe reduction of traffic noise, especially by buses, is a pertinent issue and can
fundamentallynprove the impact of public transport systems.

While driving at low speeds, most of the noise comes from the vehicle engines before the noise of the tires
becomes predominant at speeds over 58kirtlle choice of technology has effects on the nols# leve
the bus fleet. Quietly running electric buses can significantly reduce noise poH&&®&6h donitared to

9 pDén VLDDYU “oiExpelienogdgth Fue € DEN » DAUDOLOHt wFY|] onUrg eakE
https://www.ajsosteniblebcn.cat/cldauses_31741.pdf

€World Health Organizafi@tHQRegional Office for Eugieise 292Q accessed March 2023
https://www.who.int/europe/newwsom/factsheets/item/noise

8 Transport & EnvironmegEidegtric buses arrive on time. Marketplace, economic, technology, environmental and

policy perspectives for fully electric buses in thapEBhttps://www.transportenvironment.org/wp
content/uploads/2021/07/Electnigses-arriveonrtime-1.pdf

52Volvg Volyo Busegtpl9accessed in March 202&s://www.volvobuses.com/ema/news/2019/sep/electric
busescanaddressnoisepollution.html
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diesel busés especially wheacceleratingrom or decelerating towards bus stops. Due to their partly
electric drive, dieselectric hybd buses can also save up to ca. 3 dBA compared to dieSdidtises
decibel scale is logarithmic, a thieeibel reduction would be equivalent to a halving of the tréffic level
Hydrogen buses alsgpdoduce perceival@agine noisdikeelectric buses.

In their study on noise reductidashet al. 2018 found that the sound level of BEBs was up to 14dBA lower
than conventional diesel buses. The effect, however, diminishes at increasing speed and beyond 50km/h
YT Da D | Un r & WHRelr eompadnp the)eltéridringises outside, BEBs have 6dBA less noise while
departing. They are also much quieter while accelerating compared to hybrid buses. In dense urban
environments, where buses are subjected to frequeahdp either at tratf signals or bus stops, the

reduced noise pollution of electric buses has significantly positive effects on the human health.

Low noise level of BEBs has some secondary advantages. Noisy diesel buses generally face resistance
parked near residentiakas overnight. The early morning commencement of service and consequent
revving of the engines can disturb the peatmaqdillityf theneighbourhood hat is why they are parked

in industrial areas or in-famg depots. Zero emission and lessBiBRy, do not face such resistance and

can even be well integrated with Transit Oriented Developments (TODs). This reorganization can save a lar
amount of dead mileage which can also yield additional emission reduction in conjunction with reduction in
operating costs.

8 9a :] Y] DU V| Bvalda#pD of Flécid Budedfior Ejentapd@hitpg://cif-
prod.s3.amazonawsm/storage/files/OUfjGtaTa9DvErsxOvtsRUgWyVhy8223rwzGhclQ.pdf

4. pDénn VLDDUYU ciloT DRYGH ADB DRHYD wWOwWwDt énC »DATAOLOHE w
https://www.ajsosteniblebcntfdeanbuses_31741.pdf

%Transport & EnvironmegBilegtric buses arrive on time. Marketplace, economic, technology, environmental and

policy perspectives for fully electric buses in thapEBhttps://www.transportenvironment.org/wp
content/uploads/2021/07/Electoigsesarrive on-time-1.pdf
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Assessment @ihancialmpacts

It has been clearly demonstrated in previous chapters that bus technologies have different strengths and
weaknesses, and each technology may fare better in some respects than the others.

Bus technologies are also constantly evolving. New fuel tecimajobezsome available in the ensuing

years, costs are constantly decreasing in some and increasing in other cases driven by process optimization
economies of scale or commodity costs. For example, the initial purchase price of BEBs or hydrogen buse:
are &pected to further decline significantly in the upcoming years. Batteries are also constantly getting
better (higher energy density) and cheaper (cost per kWh). In case of diesel buses, local air pollutant emissiol
havebeen drastically reduced by thechiction of new emission standards. The economic and ecological
measurements and values presented in this report should therefore be considered as indicative as they only
present a snapshot of the current development.

Totalcost ofownership (TCO)

It isdifficult to compare various bus technologies on individual dimensions of financial aspects. While some
technology like diesel buses may be cheaper to acquire, there operating costs per year may be higher. Fuel
energy prices vary a lot among regionsoantries due to a variety of reasons such as local taxation and
general volatility of the energy market. Conventional buses may be more expensive as compared to BEBs
maintain due to higher maintenance activity and inventory of parts that areouécpuirpdss other
technologies when it comes to availability and reliability. Total useful life of the bus and residual values can
also alter the financial models. In some countries, useful life of the bus is dictated through legislative
processes (like gtealia, Hong Kong, India) while in others they are determined by the commercial viability of
operation (when maintenance cost become higher than the renewal costs).

Having said this, individual financial dimensions are important considerationsexs theycasiilow

planning, financial framework, viability gap funding and operating strategies. A complete aggregated
perspective is provided by TCO analysiscahgitiersll the financial (and sometimes economic) aspects

of the bus operation, agnostidndividual bus technology. This is an important detiimg tool for

evaluation and procurement of a particular bus technology.

Vehicle purchase cost

. _n Infrastructure cost
Vehicle aquisition
Financing cost

(Incentives)

Fuel/energy cost
Operations
DEF/AdBlue

Total cost of ownership

Vehicle maintenance

Maintenance Infrastructure maintenance

Insurance

Other fees Liscensing/registration

Administration/staffing

Figure7 Total cost of ownership divided into subcategories
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Dataavailability of various variables particular to a deployment is one of the key requirements for TCO
analyses. There are several simulation models and tools available but if they cannotheulycadflect
operating conditions, the calculations may not yield sensible results.

A Some of the important questions to ask before undertaking a TCO analysis are
A Are the data components available for electric buses?

A Are the data components available faniégel (diestCNG) buses? Simulations/estimations may
be needed to generate data in case edvalability

>

Are there any similar cities that can be benchmarked?

>

Routelevel or Systefavel analysis?

>

What are the variances on utilization (duty tyexeféctor)?
What are the variances due to amenitieso(Aditioning / Heating)?

TCO must carefully evaluate the costs as there are huge differences of TClaztweeelshia different
manufacturerdn recent yearguropean bus manufactuteaseshown tde much more conservaiive
estimationghan the Chinese manufacturers. The practicalities of navigating around these different views,
which are completely different philosophies are very difficult and make a real assessment of the market
compliated.

Capitatost: Buses

The capital costs of buses are often the main purchase criterion for transit agencies. It is therefore crucial to
understand that the cost figures are very cespektfic and often vary between countries or regions due

to diffeent circumstances such ag.,taxation, fees, buying incentives or subsidies. Available financial
support often is the most important factor in deciding upon a bus technology. Due to vast regional differences
and forms, sometimes it is hard to trubctdfie full extent of financial incentives. The capital costs (CAPEX)

for buses include purchase costs and planned replacement of bus parts, such as the batteries of electric
buses. Depending on the operating model, they may also be separated atGAepXrdtems or
converted intoperating cost (OPEX).

There are significant price differences in the cost of a bus, irrespective of the technology,-pateeen low
markets such as China or India anephighmarkets like Europe or North American Dwedost of diesel

buses, interestingly, the percentage difference for the alternative bus technologies becomes even higher in
the lowprice markets. Bus prices also differ due to differences in specifigedivasties,and
indigenization.

Diesel buseare by far the lowest in terms of capital costs as compared to other bus technologies. This is
mainly due to the market maturity, availability from many suppliers, and significantHoeal Riesel
engines are an established andrestlarched teciology.

CNG buses are also quite common around the world and can be considsteuliatveelbus technology.
The purchase price of CNG buses, however, 5%l di0even higher than a diesel bus in 2020 but they
can be offset by local CNG casiich can be lower than the cost of diesditi@emjuivalent basis.
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The initial purchase price of regular hybrid buses can be HpO% H20re than conventional diesels but
can exceed +50% in the case ofiplbgbrids®

Electric buses have a mhagher purchase price (ca-180%) than comparable diesel buses, although

being dependent upon regional differences. This estimation includes the costs for the necessary replacement
of batteries after half of the service life, as batteries have an lifecexgectancy ofB) years. BEB
manufacturers have recently been giving warranty on battery life of 8 years. With batteries being the most
expensive part of the BEB, this has a significant impact on the TCO. The capital costs of BEBs and batterie
willconstantly drop in the coming years. The price of batteries has already fallen by 79% since 2010 and i
expected to further declindf more batteries are built in a BEB, the bus cost is even higher, and a longer
time will be needed for a BEB to be able to economically compete with a diesel bus. The high CAPEX curren
is one of the most important barriers to the mass adoptios a§ Bty are the most visible costs upfront.

Due to the budgetary pressures, many transit agencies focus on immediate capital costs than on potential
longterm savings resulting in not faflyrmed decisiori&To address the high capital costs of BEBs,

new and innovative models are emerging which are bringing BEBs at par with digseldeuEBsis
as-a-serviceor Pooled Procurementthe annex It is also worthwhile itovestigateapplyinginancial

instruments that can help levelhigéh CAPEX costs.

Trolleybuses usually have much longer useful life (20 years+) and taking this into account in comparison t
the shorter life expectancy of diesel buses (ca. 12 years), CAPEX impact can be balanced t8§ a large degre
Since Trolleybuseavie smaller or less batteries compared to BEBs, the CAPEX for the vehicle is lower.

FCEBare by far the most expensive among all the technologies which is mainly a result of the current low
production numbers and the trial and demonstration phase olfoggchim recent years, increasing
economies of scale drastically reduced the CAPEX of FCEBs by 49% in North America in 2018 compared
2010. The capital costs of FCEBs thus proportionately declined moredtie B&Rgime, although

the battery jice decreased significantly as’wellirther scaling effects of hydrogen buses can be expected
especially once FCEBs have reached a sufficient bus market maturity.

Capitatost: Infrastructure

The procurement of new bus technologies is accompaniestimgirts in necessary chargingioelling
infrastructure. This may also include provision of new depots or opportunity charging facilities. Conventional
technologies like diesel buses already have the associated infrastructure established andysdémg th

of the marginal cost of new infrastructure on assessment of new technologies may not ptodikee a like
comparison, yet it is important to note what a technology transition will entail. In the firrab#gxjsion

% Asian Development Ba8kistainable Transport SolutitiestCarbon Buses in the People's Republic af Ghina

2018https://www.adb.org/publications/sustainabd@sportsolutionspeoplesrepubliechina

5’Blbomberg N VEjectric Buses in Cities. Driving Towards Cleaner Air and L@§a8C0O2

https://about.bnef.com/blog/electiitisescities-drivingtowardscleanerair-lowerco2/

8y Dénn VLDDUYU chlot DRYGH ADB DRIHYD wWwWwDt énC »DATAOLOHAE w

https://www.ajsosteniblebcn.cat/cldaumses_31741.pdf

®C40Cite V| nén AD EVatuatipntof Blettric Busas YouRjeapushttps://cff-

prod.s3.amazonaws.com/storage/files/OUfiGtaTa9DVEs@yigRy8223rwzGhclQ. pdf

"National Academies of Sciences, Engineering, and y@didigizook for Deploying Zemission Transit Buseg
2021https://nap.nationalacademies.org/catalog/25842/guidétmed&ployingzereemissiortransitbuses

27


https://www.adb.org/publications/sustainable-transport-solutions-peoples-republic-china
https://about.bnef.com/blog/electric-buses-cities-driving-towards-cleaner-air-lower-co2/
https://www.ajsosteniblebcn.cat/clean-buses_31741.pdf
https://cff-prod.s3.amazonaws.com/storage/files/OUfjGtaTa9DvErsxOvtsRUqWyVhy8223rwzGhcIQ.pdf
https://cff-prod.s3.amazonaws.com/storage/files/OUfjGtaTa9DvErsxOvtsRUqWyVhy8223rwzGhcIQ.pdf
https://nap.nationalacademies.org/catalog/25842/guidebook-for-deploying-zero-emission-transit-buses

process, scenarios can bespnted that rinfence the infrastructure cost out of the TCO or convert them
into a payasyougo service model.

The purchase of new diesel units is not accompanied by additional costs for infrastructure as the necessary
fuellingstations usually alreadyist. Conventional buses furelledat fuel stations and cost of the
construction of these stations, cost of the fuel distribution and cost or rent of the land is included in the cost
of the fuel. From a bus operator perspective, the CAPEXidétinghefrastructure is accounted for into

the OPEX.

Regular dieselectric hybrid buses do not require any specialized infrastructure over and above what is
already provided for diesel buses thus limiting the CAPEX of hybrid buses signifinahyyidBJug

however, would require building a charging infrastructure. The batteries in hybrid buses would also need to
be replaced on a regular basis but these batteries are much smaller in size as compared to BEBs.

For BEBs, FCEBs and CNG/LNG buses, wiosteplaces a brameéw infrastructure is required from

scratch, the initial cost of distribution and supply can be substantial barrier to the technology selection or
transition. One option is to use a similar model as conventional diesel buseg llyefartanitized cost

of the infrastructure into the price of electricity freeing the bus operation from these cost penalties.

In case of trolleybuses, the existence of modern catenary wires is a crucial cost factor, as costs for new
catenary network is tpihigh. The CAPEX can, however, be significantly improved by using already existing
catenary wires.

In strong contrast to BEBs, FCEBs and CNG/LN@\@isekingstationswith procedures and fuelling
times that are likeegular petrol stationEhey W also require a much different type of asset investments
as, e.g.he upscaling of hydrogeill requiréenvestment into new fuelling stations and a hydrogen pipeline
network??

To address the high capital costs of the infrastructure of BEBs, santtineavative models such as
Chargingas-a-service are being introduced. See dnnex

Operating cost

Operating costs like fuel prices or maintenance costs also influence total cost of ownership (TCO) and henc
bus procurement. Furthermore, asptivehase power and economic strength of countries and regions
varies, the costs for bus purchases are not comparable between regions. Type dfdarsassiiper

low floor), order size, and localization of supply chains can also swing thdyprices wide

Labourcosts form an important component of operating costs for any bus operation but are a function of
local economies and wage trends and comparing them across geographies may not be useful. Wher
evaluating various technologies for decision mattimgandefined location, they are a useful metric that

must be factored into consideration.

The operating costs of diesel buses are comparably high due to the volatile fuel economy in the last decade:
Fuel prices strongly influence the total cost ofsihWm€FrCO) of diesel buses. Fuel prices might well further

iClean Hydrogen Partnerghipgrogen Refuelling Conaepgls ¢ AADUUDC qéta Al eaeOg
https://www.fuelcellbuses.eu/wiki/hydregapplyandstoragehydrogesrefuellingstations/hydrogesupply
andstorageQ
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increase in the coming years due to less state subsidies and increasing taxes on fossil fuels. Consequently
operating costs of diesel buses may further increase.

The operating costs of CNG busgshawever, lower currently as the price for natural gas is moderately
lower than diesel fuel. It cannot be said with confidence if that would continue for time to come as it is
determined by the larger dynamics of the world energy market.

The operatingosts of electric buses, on the other hand, are significantly lower compared to diesel buses,
especially since electricity costs are lower and less volatile than diesel fuel prices in most regions. They var
significantly depending on the operating cyslerédly longer the cycle, more cost effective), charging
strategy (high availability of opportunity charging would mean lower batteryheeightestucing the

overall energy consumption), dead mileage (location of the depot / charging falcitiéspaditions

(weather, topography, drivaedaviouetc.).

The operating costs of trolleybuses are even lower than regular BEBs. The losses in battery charging cycle
and battery weights are much less.

Hydrogen buses are most expensive to operatglguikdditional energy costs could be 200% more that
the diesel buses due to conversion losses as well as additional costs for the disthilaliiiogofitice
hydrogen. However, the price of hydrogen as a fuel is declining fast but distrijpdtagerofich
fundamentally challenging and hence more expensive.

In general, almost all alternative bus technologies have higher capital costs than conventional diesel buses
due to higher vehicle and infrastructure costs. When comparing operating eestsnaaweechnologies

can save expenses due to lower energy costs and fuel consumptions over the lifecyaimofdtimbss

even resulting in lower total cost of ownership.

Maintenanceost

Most of the existing bus operators, their facilities #adt sk the manpower is adapted to diesel bus
operation. Implementation of any new technology would require fundamental improvement to the
infrastructure as well as skillsets.

Maintenance costs of the diesel buses-sstatlished and barring coshahpower are quite comparable

in different parts of the world, signifying maturity of technology. One source of cost variance comes from
maintenance of subsystems such as passenger information systems, fare collection systems, passenger
counting systemsaet

From a maintenance perspective one of the key differences from a-fuss#idueinsmission system to

electrical traction is related to a big shift of focus from a mechanical engineering orientation to an electrical
engineeringrientation. Even though tires and interiors etc. remain pretty much the same, the presence of
high voltage on the drivetrain, which is much more simplified as compared to a mechanical system. The
number of parts involved in an electric bus is at fattéw @D as compared to a conventional bus. This
means a significant reduction in part inventory as well as lower obsolescence costs.

Electric buses are technologically more advanced as their operation hinges on continuous close monitoring
of the key opeiianal parameters such as SOC {statiearge), BMS (battery management system), and/or
CMS (charging management system). Many of-dlistesub referred earlier may require a separate
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communication infrastructure on diesel buses but can operateaonnilig@ication backbonebuilt on
electric buses. This allows for better integration and lower maintenance costs.

Compared to conventional buses, maintenance costs of diesel hybrid buses are higher, simply because du:
enginesnustbe maintained.

Residualalue

When conventional buses reach their end of lifeesistual value is minimal and literally their worth is the

price of metal weight in them. Mostly these buses are scrapped. Some developing countries, because o
affordability reason, utilize thdmises after reconditioning. They are then poorly maintained and are prone

to frequent breakdowns and safety issues. Before the buses reach the end of life and are being disposed fo
any reason, there could be a secondary market which may buy treomesdgseabunt to the book value.

It varies country to country and such setand buses are usually deployed for rural applications.

9D9U éabD UYLt én DeEotLE| NH YDAT NotoHtofldenT@e YI DG D
secondhand rarket is also not mature enough, especially because the cost of creating charging
infrastructure is quite high. Batteries, however, are a different ball game. Usually, when a battery reaches
around 80% of its original usable capacity due tdagelt atnuation, the weight to energy ratio is not
economical for deployment on buses. However, a 300kWh battery even after 20% attenuation has a powe
capacity of 240kWh, it could very well be used for static energy storage. Some bus operators use them a:
staticpower storage and deploy them for power balancing to bring the overall cost of electricity consumption
down. They can also be used for many other uses, suchapdaek for housimgfices or datacentres

Fuelcell buses are more novel even aparechto BEBs. There are hardly any examples of tbeiifend
usage and hence, it is hard to assign a residual value to FCEBs.

In cases where there is no-eflife market, and there are strict regulations governing disposal of assets,
there could @n be a cost associated with scrapping or decommissioning of the buses. Buses could be sent
to recycling facilities, where anything worth recycling can be taken out and rest of the bus can be disposed of
responsibly.

Revenue

Revenue impacts are in factostjo to bus technologies and should be explored in the framework of
sustainability. In simple terms, there are two ways to increase revenue.

Increase fares and prices such that the users are forced or enticed to pay more for consumption of services.
In captive or monopolistic markets, price increases are forced without customer having a choice but in highly
contested markets, price increases can only be achieved by service differentiation and better quality of
service, such as by introducing premiumagrvic

Increase ridership by influencing mode share. One of the biggest influencers for the mode choice of public
transport is travel speed. When travel speeds of buses are comparable to bus journeys, people become mot
amenable to make the switch from phisiate cars. Higher travel speeds can be achieved through dedicated

bus lanes, junction priorities and other traffic measures.

Fossil fuel buses are omnipresent and often making hardcore changes to their operation is fraught with
politicization and irrathal public reaction. However, many cities around the world have taken an opportunity
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to overhaul their public bus systems while introducing new technologies such as BEBs. Many cities have als
used this opportunity to restructure the routes into aergfficibandspoke system. If new technology

buses can be implemented as part of the agenda for traffic congestion management, there could be
significant revenue impacts.

Subsidies / Grants

Subsidy or grants are also theoretically agnostic to bus teclepidygy. They are often driven by politics

and become part of policies to promote a particular agenda. Some subsidies such as fare concessions for
senior citizens or students or children are given to all type of bus users. However, in the theest to drive
transition to zero emission buses, many countries or cities have launched special subsidies / grants or tax
breaks for clean buses. There are several examples of this in Asia. The entire electric bus uptake in China w:
driven by heavy subsides pravigethe central and local government (nearly 50% of the capital cost of
buses). India has recently launched FAME Il scheme under which central government is providing subsidie
for 9,000 buses across the country. Tax breaks such as exemption ofi@s\pimgtdegistration tax or

road tax are also quite common in case eémméssion buses.

There could be multiple sources through which a bus project can be financed. The project can be broken dow
into three activities

A Preoperations Upfront Capitaosts
A During operatiomsJperating deficits and maintenance deficits
A Post operationsReplacement costs

The figure below shows the typical sources of funds for each of the activity in a public bus project.

Overall project financing sources

Upfront capital Operating deficits and Replacement capital
maintenance

Local taxes
I

National grants

Power utility

Figure8 Sources for funding of different project costs

All these subcategories of T@Ovary strongly depending on local conditions, so the TE©=enf
technologies must be evaluated case by case.
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Conclusion

The decision for or against deployment of a specific bus technology is always depending on the main
objectives and preferences of a transit agency. Every examined technology does have its advantages an
disadvantages, but it is the decision of the transit agency to decide widichattéethe most: If the only

concern of a bus operator is the financial result, the decision for a bus technology can be made only by
comparing the bus costs. However, if environmental impacts are important as well and if environmental
regulations ari@ place, there are more criteria to consider and can changelihsambgecision.
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circumstances: For example, different policy reguléitiansjal incentives or taxes, city characteristics,
existinguellingor charging infrastructure or citizens demand for public transport will strongly influence the
decisioamaking process and will thus lead to different outcomes. Furthermore, ahbesirtg¢hnology

is also dependent upon daily mileage, bus size or frequency. Tierefooe, is not advocating that one
technologis better than all the otheltyather aims at providing a first overview to examine in which context
acertainbustechnology might be magppropriateand which conditiofevourdhe deployment of another
technology.

Table8 Comparison of technologies

Fuel Type Environmental Impact Economical Aspects m

GHG Emission Air Pollutant Emission Total Cost of Upfront Cost Capital Cost Physical Space
Ownership

(Tailpipe) (Tailpipe)

High Medium Low Low Low Low
(Trend ) (Trend )

Biodiesel High Medium Low Low Low Low
(Trend ) (Trend -3)

Medium Low Low Low Medium High
(Trend ) (Trend )

Hydrogen Fuel Cell Medium to High None High Very High High High

(Trend w) (Trend )

Battery Electric Low to Medium None Medium High High Medium
(Trend w) (Trend )

Hybrid Medium Low Medium Medium Low Low
(Trend w) (Trend )

Conventional diesel buses may have the least entridessitduses have a vieigh driving range and

high reliability levels which increase the flexibility of route assignments. Diesel buses thus are of advantage
on long distance routes. On the downside, however, no other technology is responsible for the production o
that much GHgnissions and local air pollutants as diesel Busir, the fuel costs are high and are
expected to increase in the coming years due to additional taxes. Most countries rely on the import of fossil

fuels and the current energy crisis caused bymRUssig& YUé AL o1 %L dé) nbD yley &
to an extreme spike in prices when international relations are not stable.

Buses running on natural gas can almost economically compete with diesel buses, especially CNG buse
However, they dotrsignificantly reduce GHG emissions or air pollutants and might even produce more
emissions. If transit agencies want to actively contribute to the reduction of GHG emissions, natural gas buse:
are not viable options as the energy is still producessibjuéds. Only biogas can contribute to the
mitigation of CO2 emissions. The deployment of natural gas buses can be useful in countries with domestic
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natural gas resourcesy. Sweden or the Philippines) as these countries do not have to impartdnels b
strategically use their own resources which lowers operating costs.

The financial advantage of diesel buses is expected to gradually change in the next few years as BEBs al
becoming less and less expensive due to decreasing battery pricedett@i©fases are already quite
competitive on high mileage routes because of the lower price of electricity and operating costs. The charging
capacity of batteries will increase over time, which would allow for a longer driving range too.

One of the biggUyY AT ) Y] OWDU ¢goa 9D9U abDreéeybDU Yo YT D UobYV
composition of the electricity grid is becoming more reliant on renewable energy sources and less on coal
and petroleurbased fuels. This will further mitigate CQ@ssiens and increase the already strong
ecological advantage of BEBs. Electric buses are quieter and produce significantly less GHG emissions ar
local air pollutants.

Like electric buses, hydrogen buses have the potential to heavily contribute toothigadiecaof the

public bus transit sector in the future as both technologies do not exhaust tailpipe emissting The
approach and the driving range of FCEB aligthitese of diesel buses which is why FCEB are a promising
alternative to dgl buses in the future. Nowadays, however, hydrogen buses are still only used in pilot
projects and are far away from mass deployment. Currently, only a negligible part of the hydrogen is produce
by renewable energy sources. Furthermore, the purdhasegdn buses is associated with the highest

initial costs of all presented technologies and are twice as expensive as BEBs. Therefore, hydrogen buses al
not able teompete with BEBs financially or ecologicalig foreseeable futurEhey do remainvery

promising alternative to diesel buses, for long distances due to their greater range and for extreme
temperatures where BEBs do not fare well.

It is vital to point out that the reduction of GHG emissions is and will continue playing facdéceioole
makers in the transport sector for coming decadesnission technologies, especially BEBs, are the most
future proof technologies that can minimize the risk of stranded assets for busransaicn £0 BEBs

may have consequenceshia tesign of the network and the routing, incl. charging. Decision makers
therefore should consider a full transformation strategy instead of just changing a few buisegtand keep
system as it is. This transition is already ongoing and furthersgoosditted as shown below are the
forecasts from UITP on the future propulsion systems for Europeanwanreetstrongly increasing

trend towards electric buses and a corresponding decline in diesel buses is observed.

Figured: Future development of market share of bus technygie=US and UITP VEI Committee)
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