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Abbreviations
AC
AMP
BEBs (Battery-electric
buses)
BEV
Blue hydrogen
Brown hydrogen
CCS
CCS (Combined charging
system)

CHAdeMO

Charging
Charging station
CO
CO2
DC
Depot charging
Electrolysis of water
FCEB (Fuel Cell Electric
Buses)
GHG
Green hydrogen
Grey hydrogen
H2
H2O
HRS
ICE (Internal Combustion
Engine)

Alternative current (slow charging)
Unit of electric current
An electric bus that is driven by an electric motor and obtains energy
from on-board batteries.
Battery electric vehicle
Blue hydrogen incorporates CCS into the SMR processes, reducing carbon
emissions.
Brown hydrogen is formed through fossil fuels such as through coal
gasification. It accounts for around 95% of global hydrogen production.
Carbon capture and storage
The name of a quick charging method for battery electric vehicles
delivering 200kW via a special plug-in electrical connector, or up to 350
kW via an overhead pantograph. The connector is different than a
CHAdeMO connector. This quick standard originated in Europe and is
predominantly used in Europe and the US.
The trademark name of a quick charging method for battery electric
vehicles delivering up to 62.5 kW by 500 V, 125 A direct current via a
special electrical connector. This quick charging method started in Japan
and is predominantly used in the U.S. and Japan.
Refuelling an electric vehicle with electricity
An element of infrastructure that safely supplies electric energy for the
recharging of electric vehicles, also known as an EVSE (Electric Vehicle
Supply Equipment).
Carbon monoxide
Carbon dioxide
Direct current (fast charging)
This type of charging usually occurs overnight when the buses are not
used for a longer period of time.
Electrolysis of water is the process of using electricity to decompose
water into oxygen and hydrogen gas. Hydrogen gas released in this way
can be used as hydrogen fuel.
Buses that uses compressed hydrogen gas as fuel to generate electric
power via a highly efficient energy converter, a fuel cell. They produce no
tailpipe emissions.
Greenhouse gas
Green hydrogen is produced from water electrolysis and renewable
energy and is carbon neutral.
Grey hydrogen is produced from natural gas.
Hydrogen
Water
Hydrogen refuelling station
An engine that generates motion by the burning of petrol, oil or other
fuel with air inside the engine, the hot gases produced being used to
drive a piston or do other work as they expand.
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Incentives

kW (kilowatt)
kWh (Kilowatt Hour)
LCA
MPDGE
MW
NOx
Opportunity charging
Regenerative braking

SMR
TCO (Total cost of
ownership)
Wh
ZEBs (zero-emission
buses)

Main sources:

Many governments offer incentives to encourage buyers to choose an
electric car. Incentives for EVs can include grants towards the purchase
price, free parking, zero road tax, low company car tax and exemption
from city emissions and congestion charges.
A kilowatt is simply a measure of power, or equal to 1,000 watts. This is a
unit that is usually used to measure the charging speed of a charger.
A measure of electrical energy equivalent to the power consumption of
one kilowatt for one hour. This is a unit usually used to measure the
storage capacity of a battery.
Life cycle assessment
Miles per gallon diesel equivalent
Megawatt
Oxides of nitrogen
Otherwise known as on route or overhead charging. This allows you to
quickly charge your battery compared to overnight charging which could
take up to 6-7 times as long.
An energy recovery system used in most electric vehicles that can help
charge the battery while the vehicle is slowing down. Typically, the
electric motor acts as the generator, so power can flow both ways
between it and the battery.
Steam methane reformer /Gasification is used in industries to separate
hydrogen atoms from carbon atoms in methane (natural gas) or from
coal. These processes result in carbon dioxide emissions.
The total cost to own a bus from the time of purchase by the owner
through operation and maintenance, all the way to the time it leaves the
ownership. Includes all the expenses such as insurance, maintenance,
repairs, service, etc.
Watt-hour, a unit of energy equivalent to one watt (1 W) of power
expended for one hour (1 h) of time.
A zero-emission bus uses electricity to power a battery. ZEBs include
battery-electric buses and Fuel-cell buses. The great advantage of these
buses is that they do not require gasoline, oil changes, or an internal
combustion engine. They also do not emit exhaust emissions.

1. https://viriciti.com/blog/a-complete-guide-to-abbreviations-for-electric-bus-fleets/
2. https://www.myev.com/research/ev-101/ev-terminology
3. NewBusFuel (2021) “New Bus Refuelling for European Hydrogen Bus Depots”, downloaded from
https://www.fuelcellbuses.eu/public-transport-hydrogen/new-bus-refuelling-europeanhydrogen-bus-depots-guidance-document-large
4. https://yhejitl3sl24wn203q4vn14z-wpengine.netdna-ssl.com/wp-content/uploads/Fact-sheetHydrogen-explained.pdf

10 | P a g e

Assessment of Zero Emission Buses (by ITLS)

Executive Summary
This report complements a decision support system (DSS) we have prepared to obtain estimates
of CO2 emissions and associated costs such as charging batteries and diesel costs for current
diesel buses in a metropolitan or regional fleet, as well as two classes of battery electric buses
and hydrogen buses. The main focus is on CO2 emissions as governments in Australia set timelines
to transition to zero emission buses in the contracted route fleets.
Although the tailpipe emissions can be described as zero or close to zero for green energy, CO2
emissions are produced throughout the full lifecycle of energy produced and distributed for
electric battery and fuel cell (hydrogen) buses. The focus of the DSS is on the end use emissions
and those associated with the other stages in energy production and distribution to the bus
operation.
We draw on the evidence in this report to provide emission factors to enable a bus operator or
indeed anyone interested in the topic such as Bus Association or Government, to calculate using
the DSS, the CO2 emissions and associated costs for the operation of a fleet of diesel buses,
battery electric buses or hydrogen fuel cell buses in an operating environment defined by the
number of buses in the fleet, the annual kilometres of these buses and for diesel, the end use
fuel efficiency of the fleet. One objective is to be able to compare the CO2 emissions and costs
of fleets with varying mixes of diesel and green energy buses as they transition to a fully green
fleet. The DSS enables the estimates to be obtained for each transition year. The most important
pieces of information that are inputs into calculating the comparative costs and emissions
associated with the various end use fuel sources are summarised in the following table, drawn
from the chapters of this report.

Life cycle emission (g
CO2/km)
Emission percentage
relative to diesel (per km)
Fuel efficiency per 100
kms

Diesel

Plug-in
charging

Conductive
charging

WPT/IPT*
(Inductive
charging)

Grey Hydrogen

Blue Hydrogen

(best case)

(best case)

Green
Hydrogen

1350

656

682

650

850

71

0

(0.5
ltr/km)

(1
kWh/km)

(1 kWh/km)

(1 kWh/km)

(0.1kg/km)

(0.1kg/km)

(0.1kg/km)

100.00%

48.59%

50.50%

48.15%

62.70%

5.26%

0.00%

90 to 150 kWh

9 to 10 kgs

9 to 10 kgs

9 to 10 kgs

$AUD0.25/kWh

$AUD4.40/kg

$AUD6.04/kg

$AUD7.76/kg

Unit cost

40 to 60
litres
$AUD1.5
0/

Energy/Fuel cost per 100
kms (low end) $AUD2021

$AUD60.
00

$AUD22.50

$AUD39.60

$AUD54.36

$AUD69.84

Energy/Fuel cost per 100
kms (high end) $AUD2021

$AUD90.
00

$AUD37.50

$AUD44.00

$AUD60.40

$AUD77.60

Cost saving relative to
diesel (best case) (high
end)

100.00%

75.00%

51.11%

32.89%

13.78%

litre
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Cost saving relative to
diesel (low end) (per km)

100.00%

37.50%

34.00%

9.40%

-16.40%

For wireless fast charging facilities for BEBs, the Wireless Power Consortium (WPT) provides information on the
principles, technology options, and advantages of this technology. Wireless charging adopts the Inductive Power
Transfer (IPT) method that exploits basic laws in electromagnetics

1. Introduction
With the net-zero emission target set for 2050 in the Paris Agreement 1, the introduction and
rollout of zero-emission buses (ZEBs) in every Australian state and territory is fast approaching.
It is not a matter of whether such transition is necessary, but how the change should be
implemented. All state governments have either given the timetable or are working on the plan
to achieve full electrification of the state bus fleets.
Australia ranks 22nd in greenhouse gas emission (GHG) globally, and transportation accounts for
about 17% of total emissions. Australia’s per capita transport emissions are 45% higher than the
OECD average (Climate Council 2017). Globally, transportation contributes more to the total
emission at 22% than the Australian level (Mohamed et al. 2018). Diesel driven heavy-duty
vehicles, including buses, also account for most of the other air pollutants such as 45% of nitrogen
oxides (NOx) and 75% of particulate matters including PM 2.5 and PM 10 (Li 2016). The public
transport sector can provide transport needs between 10% in Australia to over 70% in China, with
the rest as driving and other modes (Climate Council 2017). There are generally three pathways
to reduce emissions in transport: 1) shifting Internal Combustion Engine vehicles (ICE) to electric
vehicles (EVs); 2) shifting more transport requirements to public transport to reduce cars on
roads which currently account for over 50% of total transport emissions, and 3) electrification of
public transport from diesel and gas-based to electric-based.
For buses, shifting more car drivers to buses and electrification of bus fleets are two primary
strategies. A bus uses less than 40% of the fuel used to move 100 passengers, so a 10% passenger
shift from cars to buses would reduce carbon emissions by over 400,000 tonnes a year (OzeBus
2020). On electrification of bus fleets, besides achieving the zero-emission objective, it is widely
agreed that the total cost of ownership (TCO) of the electric bus will continue to decline, driven
by the reduction in battery price and continued lower energy consumption by electric buses
compared to diesel buses. In a recent cost-benefit analysis by Quarles et al. (2020) for the US
market, they predict that the battery-electric bus (BEB) fleet, including the required charging
infrastructure, will be cost-competitive by the 2030 to the diesel bus fleet.

More information can be found on https://www.wri.org/climate/expert-perspective/paris-agreementstrategy-longer-term

1
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There are two leading technologies for the zero-emission bus (ZEB), both generating zero tailpipe
emissions. The majority of ZEBs will be BEBs, using rechargeable batteries. The second type is
hydrogen fuel cell electric bus (FCEB), using compressed hydrogen gas to generate electric power
via a fuel cell, a highly efficient energy converter. Some other technologies are targeting partial
electrification for low emission buses. For example, Transdev is testing a hydrogen unit called
HYDI which can be installed on existing diesel buses to cut down the use of diesel. 2 Low emission
buses also include using plug-in hybrid electric buses, which the state governments or bus
operators do not consider. For this report, we only focus on ZEBs to align with the complete
electrification of the bus fleet to achieve the zero-emission tailpipe target.

1.1

Overview of ZEB Adoption across Countries and Regions

It is important to understand and review the status of ZEB adoption in both Australia and globally
in order to provide the background for the later discussion on options available in Australia.

1.1.1 Australia
In Australia, all states governments have committed to commence the process of introducing
ZEBs. Their actions include trials of ZEBs with an increasing number beginning or active in several
states. For example, the timetable for achieving 100% ZEBs has been announced in NSW by the
Minister for Transport, with the goal to convert the entire NSW bus fleet of over 8,000 buses to
BEBs by 2030 (Cotter 2021). In February 2021, the first 10 BEBs begun operating in NSW, and 50
more BEBs will be incrementally rolled out during 2021.
Both BEBs and FCEBs have been tested in Australia (Li 2016). The general trend is to shift to BEBs.
The hydrogen bus has seldom been mentioned in reports and documents relating to bus
electrification. State transport authorities are cautious in estimating the cost involved, with
ongoing research to establish the feasibility of the switch plan. For example, in Western Australia,
the transit authority has tested buses using many alternative energies, including electric, dieselelectric hybrid and hydrogen (Ally & Pryor 2016). A report for the Victorian Department of
Transport (Rare Consulting 2010) suggests that in achieving the stated targets for emission
reduction, four evaluation criteria can be considered, including fleet suitability, fuel and emission
benefits, cost implications, and the timeframe of assessment of the merits of alternative fuels
(e.g., electric and hydrogen), alternative drivetrains (e.g., fully electric and hybrid), and vehicle
technologies (e.g., vehicle aerodynamics and tyre technologies).
A recent report by the International Association of Public Transport (UITP 2021) provides a
summary of the current state of ZEBs in Australia:
• NSW: The government has committed to the electrification of all bus fleets by 2030, with
more than 50 new BEBs on the road in 2021.

For more information on HYDI can be found on https://www.hydi.com.au/technology/heavytransport/
2
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•
•

•

•
•

ACT: The first 90 BEBs are expected to commence in 2021 to 2022, with the remaining
delivered no later than 2024.
QLD: The Department of Transport and Main Roads (TMR) has announced that all buses
purchased by 2030 will be ZEBs. New ZEB trials are being operated in South-East QLD in
2021.
VIC: The government has committed $20 million investment in the 2021 to 2022 budget
for a three-year trial of ZEBs.
SA: The government has announced the action plan for 2021 to 2025 to start the
transition to ZEBs.
WA: The government has announced that from 2022, BEBs will start operating on certain
roads.

On ZEB procurement, both Australian bus manufacturers such as BCI and BusTech and overseas
manufacturers such as Yutong, BYD, Volvo and other brands would be considered. Appendix 6
and Appendix 5 have the names and logos of many manufacturers for BEBs and FCEBs throughout
the world. Instead of entirely relying on imports, Australian bus manufacturers such as BusTech
could have a good opportunity 3. Table 1.1 provides a more detailed summary of some current
trials and commitments.
Table 1.1 Government trials and commitments of the electric bus by industry

See “https://www.electrive.com/2020/12/06/electrification-efforts-in-new-zealandaustralia/”
3
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Source: (from “State of electric vehicles” by Electric Vehicle Council 2020)
In the rollout of ZEBs, different levels of government appear to have different priorities. For
example, for the regulatory framework and incentive schemes, the federal government is
expected to lead. On the other hand, tendering, supporting the rollout of charging or refuelling
infrastructure for ZEBs should be supported by the state government. Both levels of the
governments can play a significant role in research and development (R&D), for example, in
supporting trials of FCEBs.

1.1.2 New Zealand
New Zealand transport authorities have made significant progress in supporting the transition
from diesel buses to ZEBs. The bus fleet of over 2,000 city transit buses throughout New Zealand 4
will be replaced by ZEB buses, with many actions already started in Auckland, Wellington and
Christchurch, in which 80% of the total bus fleet operates. The joint efforts by transport
authorities, councils, and transport agencies (e.g., Waka Kotahi) have enabled a faster uptake of
new buses.

4

From https://www.busandcoach.co.nz/about-us/nz-industry-facts
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In Wellington, the transport authority aims to have 108 BEBs by 2023. In Auckland, 34 BEBs will
operate by the end of 2021, and the goal is to complete the transition to ZEBs by 2030. In
Christchurch, 25 BEBs will be added by 2022. Transport authorities have announced that they will
not consider bids for new diesel buses when existing bus contracts expire in all three cities.
A recent order through service provider Metlink will see 98 new BEBs arrive in Wellington
between mid-2021 and early 2023 5. In addition, the first order of 78 extra-sized BEBs designed
for New Zealand made by Yutong has been handed over in Auckland. These BEBs carry bigger and
more powerful batteries to run longer daily and have extra axle for reducing wear and tear on
the roads. 6
Besides BEBs, the hydrogen bus is also being considered. Auckland Transport (AT) is testing the
first hydrogen bus. AT is planning to replace diesel buses with both BEBs and FCEBs costing up to
$200m 7.

1.1.3 Europe Union and the UK
In the EU, 27% of total GHG is attributed to road transport, one of the most significant
contributors (Varga et al. 2020). Therefore, there is a great need for the public transport sector
to reduce emissions. The EU started a program in 2013 called ZeEUS to test and facilitate the
adoption of electric buses focusing on urban bus system networks. Many public transport
organisations across the EU are contributing to testing, forums, R & D, and other related
activities.
The ZEB is quickly gaining ground in many countries. There are over 4,000 battery-electric city
buses registered in Europe with a further 3,500 plus electric coaches. Top countries with ZEB
fleets include the Netherlands, the UK, France, Poland, Sweden, Spain and Austria (CTI 2021).
London has Europe’s largest electric bus fleet with over 200 BEBs. 25% of the total bus fleet in
The Netherlands was electric at the end of 2020.
As the largest market in the EU for BEBs, Germany started slowly but is catching up at fast pace.
There are currently 500 BEBs and 50 FCEBs in Germany. According to Werner Overamp, VDV Vice
President, up to 1,000 BEBs will be put in operation every year in coming years to electrify bus

5

From https://www.electrive.com/2020/12/06/electrification-efforts-in-new-zealand-australia/

From https://www.stuff.co.nz/environment/climate-news/123225756/supersized-electricbus-hits-auckland-roads-in-drive-to-phase-out-diesel-fleet
6

From https://www.stuff.co.nz/national/politics/local-democracy-reporting/300242131/aucklandtransport-sets-the-groundwork-for-new-zealands-first-hydrogen-bus
7
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fleets in the main cities such as Berlin, Cologne, Frankfurt, Hamburg and Munich (Sustainable Bus
2021).
According to the UK government plan, by 2037, all 8,000 buses in London will be ZEBs
(Sustainable Bus 2020a). National committees are examining multiple emission plans to shift
heavy-duty vehicles, including buses, to a mixture of electricity, biofuel and hydrogen (National
Academies of Sciences, Engineering, and Medicine 2020). Up to £120 million is being made
available through the ZEBRA scheme, allowing local transport authorities to bid for funding to
purchase ZEBs across England. The funding will be adequate to deliver up to 500 ZEBs. In total,
the UK government has announced a £3 billion fund to improve bus services covering
electrification of the bus fleet 8.
Across the EU, hydrogen buses have been tested and are in operation in many cities. All FCEBs
operating in Europe were purchased under projects co-funded by the EU. Over 200 hydrogen
buses have been ordered through the EU-backed JIVE and JIVE 2 projects, the leading European
projects on the hydrogen bus. The JIVE project is deploying 139 FCEBs and refuelling stations
across the EU. There are also plans to get over 1,200 FCEBs by 2025 9.
In the UK cities of London, Liverpool, and Aberdeen, FCEB buses are in trial and testing (Cotter
2021). FCEBs are also operating in several European cities, including Stuttgart, Cologne, Frankfurt,
Hamburg, Versailles and Rotterdam 10.

1.1.4 US and North America
At the end of 2019, only 450 out of 75,000 buses in the US were ZEBs. By December 2020, 2,800
ZEBs have been delivered or ordered, adding 300 ZEBs operating in Canada. Over 3,000 ZEBs have
been confirmed or in operation in North America (Sustainable Bus 2021b). As early as 2016, 55%
of the public bus fleet used alternative fuels, of which 15% were electric or hybrid-electric, the
other 45% using natural gas or biodiesel (Lee et al. 2019). California recently has approved
regulation requiring public transport agencies to achieve zero-emissions for the transit bus fleet
by 2040. It is the first regulation of its kind, and expected to be followed by other states 11.
Financially, between 2013 and 2020, the Federal Transit Administration (FTA) in the US
distributed over US$485 million for low and zero-emission buses, including hybrids, BEBs and
FCEBs via the Low or No-emission Bus Program. In addition, state-level grant programs also

From https://www.traffictechnologytoday.com/news/electric-vehicles-ev-infrastructure/ukgovernment-announced-120m-funding-for-electric-buses.html
9
From https://www.sustainable-bus.com/fuel-cell-bus/fuel-cell-bus-hydrogen/
8

From https://airqualitynews.com/2021/02/03/worlds-first-hydrogen-powered-doubledecker-buses/
10

From https://www.fleetowner.com/running-green/article/21703306/california-becomes-first-stateto-mandate-zeroemission-buses
11
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support the adoption of ZEBs. As a result, many states and cities in the US are receiving grants
for purchasing electric buses.
The Canadian government is planning to have 5,000 ZEBs, including transit and school buses by
2025. There are over 200 ZEBs in operation in six provinces. The North American electric bus
market is led by a few players, including Proterra, BYD Motors, and New Flyer of America.
Canadian technology has powered over 1,000 FCEBs around the world 12.

1.1.5 Asia
According to MarketWatch (2021), by May 2020, China had about 420,000 ZEBs, close to 99% of
the total global ZEB fleet. This trend is expected to continue with a fast pace of transition. The
rate of circulation is about 9,500 ZEBs every five weeks 13. ZEBs account for about 15% of China’s
total bus fleet. China also has many sizeable electric bus manufacturers such as Ankai, BYD,
Foton, and Yutong, producing more BEBs than their EU counterparts of Volvo, Iveco, Solaris and
Daimler 14.
Li (2016) provides several examples of how BEBs have rolled out in large Chinese cities such as
Beijing and Shanghai through programs related to significant events such as the Beijing Olympics
and the Shanghai World Expo. City governments are also the primary drivers to fund the shift to
BEBs in developed cities such as Shenzhen. Liu et al. (2018) also provide various incentive details
for the national and local governments to roll out FCEBs in public transport.
The other fast-growing country in Asia for BEBs is India, with a forecast by 2025 to account for
10% of the total annual demand globally (Sustainable Bus 2020a). In Japan, the development is
leaning towards FCEBs. The Ministry of Economic, Trade and Industry has set 100 FCEBs in
operation by 2020. The Bureau of Transportation of the Tokyo Metropolitan Government has
announced 70 FCEBs operating in Tokyo by 2020. Toyota has developed and tested a 100 FCEB
bus fleet for the Olympic Shuttle Bus program from 2019, which has been delayed to 2021 due
to the pandemic. The main challenge is the lack of hydrogen refuelling facilities for a city transit
bus 15. Less than 100 BYD BEBs are operating in Japan. The future direction of whether BEB or
FCEB will be the main ZEB fleet is yet to be determined.

1.2

Benefits of ZEBs

The primary objective in adopting ZEBs is to reduce CO2 emissions and achieve the net-zero
emission target for the public transport sector. It is essential to know the levels of reduction that

From https://www.globenewswire.com/news-release/2020/11/19/2130343/0/en/North-AmericaElectric-Bus-Market-Growth-Trends-and-Forecast-2020-2025.html
13
From https://www.ies-synergy.com/en/electric-buses-where-arewe/#:~:text=It%20is%20clear%20that%20China,9%2C500%20buses%20every%205%20weeks.
14
From https://www.ies-synergy.com/en/electric-buses-where-are-we/
15
From https://www.aljazeera.com/economy/2019/9/18/how-toyotas-olympic-buses-are-fuelling-itshydrogen-dream
12
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can be achieved. This will help decision-makers clearly understand benefits and costs in order to
make the right choice in the ZEB transition.

1.2.1 Emission Reduction Level
There are different levels of emissions representing different stages, from energy production to
the tailpipe. When the term ZEB is used, zero-emission often only refers to the tailpipe emission.
Although tailpipe emissions from ZEBs is zero, the life cycle emissions are not zero with low
emissions often used as the preferred representation.
Three definitions relating to emissions have been noted in the “Low Emission Bus Guide” by
LowCVP (2016, p11):
“Well-to-Wheel' (WTW) includes all the emissions involved in the process of
extraction/creation, processing and use of fuel in a vehicle to gauge the total carbon
impact of that vehicle in operation. 'Well-to-Tank' (WTT) only includes all the emissions
associated with fuel up to the point that it enters a vehicle's fuel tank or energy storage
device. ‘Tank to Wheel’ (TTW) covers the emissions associated with fuel combustion in
the vehicle, i.e. from the tailpipe.”
The tailpipe emissions for ZEBs are equivalent to TTW. The other emissions occur in electricity
generation and distribution for BEBs and production, compressing, transport and distribution for
FCEBs, or WTW and WTT emissions. Figure 1.1 illustrates the life cycle emissions from WTT to
TTW for three types of buses: diesel, BEB and FCEB. At the WTT stage, all three types of buses
have emissions. At the TTW stage, only diesel bus has emission, hence why the “ZEB” term is
used.
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Figure 1.1 Conceptual illustration of WTW (WTT & TTW) emissions for diesel, BEB and FCEB.
Emissions can also be categorised as direct and indirect. Direct emissions are emissions from
sources that are owned or controlled by the reporting entity. Indirect emissions are emissions
resulting from the activities occurring at sources owned or controlled by other entities. In
defining the direct and indirect emissions, a definition of three scopes of emissions are often
mentioned 16, as shown in Figure 1.2.

16

From https://indiaghgp.org/content/what-difference-between-direct-and-indirect-emissions
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Figure 1.2 Three scopes of direct and indirect emissions.
(Source: https://ecochain.com/knowledge/scope-1-2-and-3-emissions-overview-to-direct-andindirect-emissions)
Australia’s electricity production has high fossil-fuel intensity with 62% from coal, 9.9% from
natural gas, 27.7% from renewable energy and 0.5% from other waste and mine gas or other
liquids based on the latest report by Clean Energy Australia (2021). The emission factors are
about 1kg CO2-e/kWh for coal and 0.5 kg CO2-e/kWh for gas, and only close to zero-emission from
renewable energy. This matches with emission factors in the US (NREL 2016). The emission
intensity is different by state. Table 1.2 provides a detailed configuration of energy sources used
for electricity generation in each Australian state and territory.
Table 1.2: Renewable energy penetration by state (Source: Clean Energy Council 2021)
State

Total
Generation
(GWH)

Fossil Fuel
Generation
(GWH)

Total
Renewable
Generation
(GWH)

Renewable
Proportion of
Generation

Renewables as
Proportion of
Consumption

Tasmania

10,956

90

10,866

99.2%

100.0%

South Australia

14,285

5,763

8,523

59.7%

60.1%
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Victoria

49,390

35,705

13,685

27.7%

28.4%

Western Australia

19,171

14,528

4,643

24.2%

24.2%

New South Wales

68,158

53,846

14,312

21.0%

19.1%

Queensland

65,426

54,537

10,888

16.6%

18.0%

National

227,386

164,469

62,917

27.7%

27.7%

The emissions that BEBs cause, when charged from the grid are indirect emissions (Scope 2). On
the other hand, a diesel bus will generate 1.3 kg/km CO2 emissions. If a bus is an electric bus,
then to run 1km, 1 to 1.4 kWh electricity is required from the grid. Let us make it simple with 1km
for 1kWh, the actual level of CO2 emissions from an electric bus running 1km is about 1kg CO2 if
charged from a coal-powered station, and 0.5kg CO2 from a gas-powered station; hence the
actual life cycle emission reduction can be as low as 26% if electricity is produced from coal and
63% if electricity is produced from gas. In addition, if hydrogen is produced with carbon capture
and storage (CCS), the emission rate is about 0.28 kg/kWh, plus some extra for compressing and
transport; hence the emission reduction will be less than either coal or gas generated electricity
charged EVs and electric buses, calculated as a 75% reduction in the life cycle emissions. If
electricity or hydrogen are produced from renewables (e.g., solar, wind) and then used to power
BEBs and FCEBs, the life cycle CO2 emissions will be close to zero or very low. For example, in the
above case, if BEBs are adopted in Tasmania, where electricity has a very low carbon density,
BEBs can truly be called ZEBs.
Except in Tasmania and South Australia, with 60% to 99% renewable energy used for electricity
generation, other states such as New South Wales, Queensland and Victoria are still heavy fossil
fuel reliant in power generation, so a kWh of electricity in Australia will generate about 0.7 kg
CO2-e/kWh. The indirect emission factors for consumption of purchased electricity recommended
by the Australian Government also align with this emission level but were higher as shown in
Table 1.3 (Department of Environment and Energy of the Australian Government (2017),
reflecting the improvement in using renewables for electricity generation.
Table 1.3 Indirect emission factors for consumption of purchased electricity or loss of
electricity from the grid (Source: Department of Environment and Energy 2017)
State or Territory

Emission factor kg CO2-e/kWh

New South Wales

0.83

Australian Capital Territory

0.83

Victoria

1.08

Queensland

0.79

South Australia

0.49

Western Australia

0.70

Tasmania

0.14

Northern Territory

0.64
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Comparing the carbon intensity numbers in some other countries (Table 1.4), the carbon
intensity for the electricity mix for most Australian states and territories is much higher. The
carbon intensity of the electricity mix plays a vital role in achieving the emission reduction target
from electric vehicles overall.
Table 1.4 Carbon intensity factors for electricity mix in different countries and regions
(Source: Lie et al. 2021)
State or Territory

Emission factor kg CO2-e/kWh

Norway

0.019

Sweden

0.012

Denmark

0.209

Nordic countries

0.075

Italy

0.327

Poland

0.846

EU

0.294

US-avg.

0.432

China

0.555

Japan

0.506

One encouraging comparison comes from research undertaken by Spanish researchers using data of
multiple years in studying the replacement of diesel and CNG bus fleet with BEBs. Their findings show
that the overall emission reduction is still quite significant even with a high WTT emission level due
to electricity carbon intensity, as shown in Table 1.5. Given that Spain has 33% of renewables in the
electricity mix compared to Australia’s 27.7%, the emission reduction level is greater, but still can
provide good evidence when considering BEBs.

Table 1.5 Comparison of the CO2 emissions from different buses in the fleet (Source: Grijalva
& Martìnez 2019)
Urban Bus
Technology

Weight of
the Fleet

Energy Consumption
(in kWh/100 km)

gCO2/km
(WTT)

gCO2/km
(TTW)

gCO2/km
(WTW or total)

Diesel Bus
Hybrid Bus
CNG Bus
Electric Bus

34.34%
2.34%
61.56%
1.76%

571
470
728
93

162
154
187
292

1326
796
1014
0

1488
949
1201
292

From the results shown above, although the WTT emission is higher for electric buses powered
by the electricity mix, the TTW emission is far higher for other buses, and BEBs is zero because
there is no exhaust emission when BEB is running. Overall, the WTW or life cycle CO2 emission
for BEBs is still far lower at about 20% of diesel buses. Another reason for the far higher emission
is the low fuel economy for diesel and CNG buses.
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1.2.2 Other Benefits
A recent report by the Committee on Transport and Infrastructure of NSW listed four main
benefits of electric buses (CTI 2020). Besides CO2 emission reductions and improved air quality,
the other reasons are improved public health, reduced noise pollution and lower cost over the
asset’s lifetime. Two of the main benefits given by UITP are improved quality of life and health
due to clean air and fostering the attractiveness of cities (UITP 2019). Other benefits for ZEBs are
summarised below.
Reducing Air Pollution
Air quality can be improved by reducing or eliminating air pollutants such as Oxides of Nitrogen
(NOx) and Particulate Matter (PM). The evidence from Europe has shown that BEBs are less
contaminating than any other energy-powered buses. Grijalva & Martìnez (2019) use case study
results in Spain and concluded that BEB is five times less polluting than a diesel bus, four times
less polluting than a CNG bus and three times less polluting than a hybrid bus. It eliminates
pollutant gases, including NOx, PM10, and PM2.5. TfNSW indicate there are 520 premature
deaths in Sydney due to air pollution. For each replacement an existing diesel bus by a ZEB, the
state will save annually at least $2,400 in health costs. Similar evidence on health benefits has
been given for other countries (CTI 2020).
Reducing Noise Pollution
The noise reduction effect of ZEBs without an internal combustion engine is significant. Diesel
and CNG buses (and trucks) can generate an incredible amount of noise, up to 80 decibels, almost
100 times louder than a quiet residential street setting (CTI 2020). Due to the high social cost
associated with noise, adopting ZEBs delivers significant social and health benefits.
Benefits for Bus Operators
Besides the social and health benefits, there are direct benefits for bus operators. One of the
most significant benefits is cost savings. Using evidence from trials and comparisons of electric
bus fleets with diesel and CNG fleets, cost-savings can be substantial, varying from 30% up to
70% depending on the energy/fuel consumption and prices (see Executive Summary). Some fuel
consumption comparisons are provided in Appendix A. The cost-saving topic is further discussed
in Chapter 2.
In general, the lower usage of energy by BEBs and FCEBs provides much higher energy efficiency
(i.e., better fuel economy) and even more enhanced by the relatively lower price for electricity
and decreasing price for hydrogen. On fuel economy, the evidence by NREL (2018) suggests that
for a standard 12-metre bus, the fuel economy associated with using electricity is four times
greater than for comparable diesel or CNG buses. Using the standard measure in the US called
“miles per diesel gallon equivalent” (MPDGE), a battery-electric bus has an equivalent of 17.11
MPDGE, compared to 4.23 MPDGE for a CNG bus (NREL 2018). Diesel buses have 3.5 to 5.8
MPDGE fuel economy, similar but better than CNG buses (MJB 2013). This means that with an
equal amount of energy (electricity, diesel or CNG), BEBs are much more energy efficient and can
operate almost four times greater distance. For FCEB, although hydrogen differs in production
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and compression technologies, the lowest standard set by the US government is 8 MPDGE and is
likely to achieve 13 MPDGE or higher, which is also higher than CNG or diesel (Lee et al. 2018;
NREL 2018).
The following two chapters, the chapter explore and discuss the main aspects of BEBs and FCEBs.
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2. Electric Bus and Considerations
2.1 Charging Electric Buses
Crucial considerations associated with the selection of technology, operation, and economic
aspects for BEBs are the charging strategy and charging method. The strategy and method are
closely related, but there are two decisions for consideration. The strategy consideration is more
closely related to operations, and the method consideration is more closely associated with the
technology.

2.1.1 Charging Strategy
Bus operators can choose from overnight depot charging or opportunity charging (also often
referred to as “on-route” or “en route” charging), or the combination of the two strategies (UITP
2019). Depot charging involves the installation of charging equipment at the depot and is the
most popular method for charging BEBs fewer requirements for road and transport authorities
which is not the case for opportunity charging. . Depot charging requires less up-front capital
outlays. It is also easier for the bus operator to schedule charging, such as during the off-peak or
in choosing times in order to generate the least CO2 emissions or impose less pressure on the
electricity grid, which would in turn reduce both costs and WTT emissions.
Depot charging often uses smaller chargers, 40 kW or 150 kW, instead of fast chargers, which are
usually 500 kW chargers used in the opportunity charging setting. Overnight charging at the
depot often uses plug-in cable or a conductive system like a pantograph to charge. The system
often requires larger or heavier batteries than BEBs designed more for opportunity charging to
store enough energy for a day’s operation.
For depot charging, energy consumption and CO2 emissions may differ depending on the charging
time. For example, wireless/inductive charging was found to consume 0.3% less energy and emits
0.5% less GHG than plug-in charging in the total life cycle (Bi et al., 2015). It is expected that the
speed of charging and hourly variation during the day in the electricity grid can cause slight but
significant variations in both energy and CO2 emissions (Miller, Arbabzadeh, & Gencer 2020; NREL
2016).
Opportunity charging involves charging a bus along the bus route, at selected charging points, or
the start/end of the bus line. Conductive or inductive charging technology may be chosen
depending on the facilities. BEBs designed more suitable for fast conductive charging, or wireless
charging often choose smaller batteries using high energy density materials like lithium nickel
manganese cobalt oxide (NMC), allowing a high proportion of the battery to charge within a short
time (Li et al. 2020). On the other hand, overnight depot charging often uses larger or heavier
batteries using more conventional materials with lower energy density like lithium iron
phosphate (LFP). With the differences in technology, the depot and opportunity charging can be
used in combination for most BEBs if the infrastructure is available.
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Opportunity (on-route) charging requires the installation of fast chargers along the routes of the
BEB’s at strategic locations in order to provide a quick charge to the bus while passengers are
loading and unloading. The typical fast charging time is between 5 to 10 minutes.
Two main advantages of opportunity charging are the short charging time and allowing BEBs to
cover a longer route. The main disadvantages are the high cost of the on-route charging
equipment and the cooperation of more parties (i.e., approval by transport, road and other
government authorities). Placing on-route charging equipment and allowing BEBs to stay for five
or more minutes to recharge can be challenging for busy urban areas with inadequate lanes. It is
more difficult than depot charging for planning, and requires a systematic approach. On-route
charging is also the most expensive way to recharge BEBs and also requires routine
maintenance 17. Figure 1 below summarises some critical differences between the two strategies.

Figure 2.1 Main differences between opportunity and depot charging
(source: https://www.mckinsey.com/industries/oil-and-gas/our-insights/the-european-electricbus-market-is-charging-ahead-but-how-will-it-develop#)

17

From https://wendelcompanies.com/battery-electric-buses-things-you-need-to-know/
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2.1.2 Charging Methods and Facilities
The three leading charging technologies are: 1) lower power charging through cable and plug-in
(e.g., AC or DC charging using charging system (CCS) or CHAdeMO systems); 2) higher power
charging through conductive charging with physical connections (e.g., using fast charging
equipment like a pantograph); and 3) fast charging through inductive/wireless charging using a
magnetic field for fast charging (UITP 2019). Besides these three methods, BEBs also include an
on-board regenerative braking process that may recharge up to 40% of the electricity back to the
battery during operation, especially in a metropolitan bus with many stops and starts.
For general electric vehicles like passenger cars, there are commonly three levels of charging
available. Level 1 is a typical low current (10 to 15 Amps) and use of a slow charging charger
available in homes for electric cars to charge overnight. Level 2 is a dedicated AC charger at
around 7kW with a current of 32 Amps, available at homes, workplaces, shopping centres, hotels
and other places. With one-hour charging, electric cars may be able to get about 40kms of range.
Level 3 is a dedicated DC charger for a fast charge for passenger cars or light vehicles with about
25 to 35 kW and 40 to 500 Amps of power and current. It usually is available in commercial
premises or roadside locations in order to provide fast charging 18. These three levels can also be
further split into five levels, with Level 3 further divided into fast charge (public), super-fast
charge (public) and ultra-fast charge (public) 19.
It is rare that bus manufacturers recommend power less than 40 kW AC or DC chargers for buses.
Since BEBs often have a battery capacity of 340 kWh or more, Level 1 and Level 2 chargers are
simply inadequate. Level 3 and above may be close to what depot charging facilities at a bus
depot would need. For example, ABB recommends ABB Terra CA / CB 120kW or 240kW DC cable
chargers or a Terra HVC 450kW pantograph fast charger for the depot. The BYD 12-metre bus has
two 40 kW AC chargers and an extra 150 kW DC charger for depot charging. The ABB Terra HVC
450 kW pantograph can boost charge a bus in about 5 to 10 minutes. Figure 2.1 shows a plug-in
charger at a bus depot in Aarhus, Denmark. The charger can provide 75 kW power output
(Sustainable Bus 2020c). Figure 2.2 shows ABB’s HVC pantograph charging buses at the bus
depot. Conductive pantograph uses roof-mounted equipment to make an electrical connection
between the bus and an overhead power supply.

18
19

From https://electricvehiclecouncil.com.au/about-ev/charger-map/

From https://www.transport.nsw.gov.au/projects/electric-vehicles/charging-an-electric-vehicle
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Figure 2.1 Plug-in cable charger at bus depot in Aarhus, Denmark

Figure 2.2 ABB’s Heavy Vehicle Charger (HVC) depot charging and HVC 450 kW pantograph
Pantograph systems are capable of very high-power transfer. The power capacity of the charger
is typically 150-300kw with a charging time of 5-6 minutes to boost-charge a bus, suitable for
opportunity charging when a bus has a 5 to 10 minutes’ stop. Pantograph charging units can be
installed indoors or outdoors.
For wireless fast charging facilities for BEBs, the Wireless Power Consortium (WPT) provides
information on the principles, technology options, and advantages of this technology. Wireless
charging adopts the Inductive Power Transfer (IPT) method that exploits basic laws in
5
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electromagnetics 20. According to Bi et al. (2015), wireless charging also emits 0.5% less GHG than
plug-in charging system in the total life cycle.

Figure 2.3 Principle of WPT/IPT charging
(Source: FTA 2014)
There are high installation requirements for WTP/IPT facilities, but users' test results are positive
from tests run in the UK. Figure 2.4 shows WTP/IPT charging in Spain and London. A 12-metre
transit BEB can be charged during stops at the terminals or other spots. A WTP/IPT can provide a
15-second burst of 400 kW. This speed is faster than a pantograph. However, the technical
requirements, installation costs and other related requirements are higher.

Figure 2.4 IPT/WPT charging in Spain and UK (Source: FTA 2014 & UITP 2019)

20

A wire carrying an electric current produces a magnetic field around the wire (Ampere’s Law). A coil intersecting
a magnetic field produces a voltage in that coil (Faraday’s Law). Electromagnetic power transfer between electrical
circuits across an air gap can be achieved using magnetic field coupling at resonance (Tesla).
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In addition to under the ground facilities, overhead wireless devices can also be used. These
facilities look like a pantograph but have no direct connection with the bus. Figure 2.5 shows the
ABB/TOSA Flash-charging system in Geneva.

Figure 2.5 ABB/TOSA Flash-charging system in Geneva, Switzerland (Source: FTA 2014)
Besides the above charging methods, BEBs also apply the regenerative braking process to
recharge. According to Varga et al. (2020), using one-year data of electric bus fleets in Romania,
the average energy consumption for BEBs is 0.96 kWh/km. The energy recovery and generation
process of using the regenerative braking process can return 0.38 kWh/km, nearly 40% of the
electricity used.
A number of studies have shown that the charging time during the day can influence energy use
and CO2 emission levels, but the differences are minor (Miller et al. 2020; NREL 2016). To the best
of our knowledge, opportunity charging for BEBs has not been applied in Australia as it requires
installation of on-route facilities. Depot charging using a cable for slow charging has been the
charging method chosen. More advanced technology such as a pantograph and WTP/ITP charging
methods have not been implemented. Power insufficiency for the depot charging stations has
been the main obstacle to facilitate a smooth charging process.

2.2 Battery Technology and Price
2.2.1 Battery Technology and Charging Time
In addition to the charging strategy and method, battery technology is another critical element
determining the performance of BEBs. For example, the double-decker BEBs in London are
designed to operate for a full day on a single charge. It runs on a 345kWh battery pack, a type of
Lithium battery called Lithium Iron Phosphate (LFP), with one of the lowest energy densities of
100 Wh/kg, with the battery pack weighing nearly 3.5 tons. For comparison, Tesla’s Model S uses
a Lithium Nickel Cobalt Aluminium (NCA) battery with an energy density of 233 Wh/kg, which is
2.33 times in energy density. Energy density is determined by the materials chosen for the battery
and determines the weight of the battery pack 21.

21

https://avidtp.com/whats-in-a-battery-anyway-battery-electric-buses-in-london/
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Both electric cars and buses mostly use lithium-ion battery technology. This is due to their specific
energy, cycle life and high efficiency 22. There are many options for the materials; hence there are
different battery chemistries, each with its advantages and disadvantages. Common materials
used in the battery include:
•
•
•
•
•
•

Cobalt Oxide (LCO)
Lithium Manganese Oxide (LMO)
Lithium Iron Phosphate (LFP)
Lithium Nickel Manganese Cobalt Oxide (NMC)
Lithium Nickel Cobalt Aluminium Oxide (NCA)
Lithium Titanate (LTO)

According to Sustainable Bus, the three most popular materials used in a BEB battery are LFP,
LTO and NMC. In terms of energy density, NMC is the highest (over 200 Wh/kg), followed by LFP
(100 to 150 Wh/kg) and LTO (below 100 Wh/kg). This means that the NMC battery can be made
lighter, can run further per charge and can last longer. Comparisons made by BMZ Poland using
12-metre BEB mileage figures prove these findings 23. However, from the operator’s point of view,
older technology such as LFP will be more price competitive and offer a 20% to 30% lower price
on $/kWh and operate in more varying operating conditions 24. Many BEBs run on a LFP battery
as it is a more mature technology and is more market competitive. Comparing the battery
technology used for different charging strategies shows that depot charging is more suitable for
more extensive and heavier batteries than opportunity charging (UITP 2019). To our knowledge,
the current BEB models in operation in Australia use LFP batteries. Given that depot charging is
the primary charging strategy, an LFP battery is appropriate. If fast charging technology such as
WTP/IPT is available in the future, different battery technology can be considered. In procuring
BEBs, it is important to consider the pros and cons of different battery technology and other
features versus the price and maintenance costs.
The battery capacity can influence range, routes and schedules. Its size and weight can also
influence the number of passengers a bus can carry. Developments in bus design and battery
technology towards lightweight configurations will allow maximum passenger capacity. There
are significant differences in the empty weight of the bus. The choice of location of the depots
should consider the range that the battery can cover.

The battery is made up of two electrodes in an electrolyte. The electrolyte is where the exchange of
ions takes place to produce electricity. The lithium ions act as the charge carrier, allowing for the
simultaneous exchange of positive and negative ions in the electrolyte.
22

https://www.sustainable-bus.com/news/bmz-poland-lithium-ion-battery-technologyelectric-buses/
23

24

https://www.ihiterrasun.com/charged-choices-the-lfp-vs-nmc-question/
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Table 2.1 compares the two leading battery technologies, LFP and NMC, on key elements such as
energy density, weight, cost, safety and other features.
Table 2.1 Comparison of LFP and NMC batteries for slow and fast charging
Example model
Total Energy (kWh)
Slow charging
Slow charging time
(empty to full)
Fast charging allowed
Max Fast Charge Rate (DC)
Fast charging
(empty to full)

LFP Battery
BYD C9 (12 metres)
324
Slow Charging
AC 80 kW
4 to 5 hours
Fast Charging
Extra DC charger added
for fast charging
150 kW
2.1 hours

NMC Battery
Proterra ZX5+ (11.25 metres)
450
Plug-in AC at 200A 132kW
2.9 hours
Built-in overhead system
330 kW
2 hours

2.2.2 Battery Prices
With the continuing development of battery technology, the kWh cost of the battery is also
changing. The average cost of a battery has decreased from US$400/kWh in 2010 to US$200/kWh
in 2018. The price is expected to continue to fall to US$100/kWh in 2025 (Borén 2020). It has
been widely quoted that once the battery cost is around US$100 to US$150 per kWh, electric
vehicles and ICEs will reach price parity. Bloomberg analysis forecasts that it may happen as early
as 2025 25.
The price for a Lithium-ion battery has been forecast to fall by over 50% from 2018 to 2030
(Sustainable Bus 2018). The price for a 250kWh battery pack may cost as little as US$38,000,
compared to its cost in 2016 at US$150,000. According to the same source, nine countries would
have two-thirds of the installed battery capacity by 2040, including China, the US, India, Japan,
Germany, France, Australia, South Korea and the UK.
Table 2.2 A comparison of LFP and NMC: advantages and disadvantages
LFP Battery
Configuration

25

Iron and phosphorous

NMC Battery
Nickel, manganese and cobalt

https://fleets.chargetogether.org/article/batteries/
33 | P a g e

Assessment of Zero Emission Buses (by ITLS)
Countries batteries mostly made in

Almost all bus batteries made
and used in China are LFP

Japan, Korea, the US

Manufacturers

Proterra

Market Share in 2018

BYD, Yutong and other Chinese
BEBs
88%

Market Share predicted for 2028

58%

42%

Energy density

200 Wh/kg

Space occupation

100 to 110 Wh/kg, or at most 60
to 70% of NMC
bigger battery

Mostly used in

Buses/Trucks

Cars (e.g., Tesla)

Safety

Safe against fire; less chance to
have flames in a car crash; hightemperature resistant

Less safe; overheating; fire incidence

Temperature

Better performance for high
temperature

Charging efficiency

Slow due to low energy density

Better performance for low
temperature (e.g., at -20 degree still
can release 70% of capacity vs 55%
from LFP batteries)
Fast due to high energy density

Cycle life

Longer. It can remain at 80%
capacity after 3000 cycles of
charge/discharge
20% to 40% cheaper than NMC,
can be as low as $80/kWh after
2021
Most

Price difference
EU Bus Choice

1.35%

smaller battery (40 to 50% smaller)

Shorter. The theoretical life of NMC is
2000 cycles. Capacity fades to 60%
after 1000 cycles.
20% to 40% more than LFP battery
Less often

The reduction in battery prices will reduce electric bus costs since the battery pack is the core
component and most expensive part of an electric bus. BEBs, with reduced prices in the battery
pack and lower operating costs due to cheaper energy and lower maintenance costs, offer real
potential for the lower total cost of ownership (TCO) compared to diesel or CNG buses.

2.3 Operating Costs
Electricity usage rates vary from state to state and even within different parts of the same state.
There are several reasons for this, mainly due to the diverse electricity mix. The average price of
electricity per kWh in Victoria is not the same as in NSW or other states and territories. Average
electricity usage rates in different states are similar but higher in SA. Electricity prices are 21.34
cents, 20.96 cents, 24.66 cents and 34.24 cents per kWh in Queensland, Victoria, New South
Wales and South Australia based on May 2021 figures 26. The average electricity price is 30.25

26

Numbers are from https://www.canstarblue.com.au/electricity/electricity-costs-kwh/.
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cents per kWh 27. Using average fuel consumptions for a 12-metre bus (Appendix 1), to run 100
kms, the average cost of a diesel bus is between $63 (42 litres) to $68 (45 litres) at $1.50/litre for
42 to 45 litres. The average cost for BEBs is $29 (97 kWh) to $45 (150 kWh) for 97 to 150 kWh of
electricity and $0.3025 per kWh. The cost of running a BEB is about 43% to 67% of the cost of
running a comparable diesel bus. It is worth noting that retail diesel prices change daily while the
electricity usage rate remains relatively stable. With off-peak rates, the actual savings can be
even more pronounced. Also the energy consumption numbers for BEBs vary significantly from
different sources (e.g., WRI 2020), and it is probably safe to suggest that the average is around
150 kWh/100 km across different worldwide figures; however known Australian trials suggest
that the number is much lower than other sources (i.e., about 97 kWh/100km).
Depending on the various conditions on how BEB operate, buses and especially large buses up to
18-metre in length, consume more energy than the average, but a 12-metre bus has always been
used for a comparison 28 . Therefore, bus operators need to conduct trials under the same
conditions that buses will operate before proceeding with purchase decisions.
Given the accumulated knowledge to date, recent BEB trials in Australia have shown that the
daily cost savings per BEB can be as much as $70 per bus compared to a diesel bus, and hence
the annual cost saving per bus can be as much as $20,000, depending on the days the bus fleet
operates. In addition, the maintenance cost is much lower, typically as much as 50% to 60% of
the diesel bus per mile or km. The maintenance cost for BEBs still under warranty can be as low
as 20% of a currently operating diesel bus (NREL 2020).

2.4 Understanding the Baseline Scenario for Electric Buses
Knowing BEB’s charging capability and battery type, are essential to understand a baseline
scenario for a standard BEB in order to identify what it can achieve in CO2 emission reductions,
how much energy it uses, what it costs to run, and other questions. In Table 2.1, some of the key
considerations for operations, charging and maintenance are summarised (LowCVP 2016).

Number is from https://www.leadingedgeenergy.com.au/news/cost-of-electricity-inaustralia-in-2020/.
27

From https://www.sustainable-bus.com/news/electric-bus-range-focus-on-electricityconsumption-a-sum-up/
28
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Table 2.1 Key factors to consider when purchasing and operating electric buses

Source: LowCVP 2016
The critical factors in Table 2.1 may look broad. A more detailed baseline scenario is similar
to what Lajunen (2018) provides from analysis and simulation based on data available in
the EU. These default values include capital costs purchasing the bus and charging devices
(battery), operating costs covering energy, maintenance and emission costs, replacement
costs covering technology replacement such as a battery. Establishing a similar baseline
scenario for the Australian BEB bus fleet will help to help operators to understand how to
improve with technological or operational advancement. Table 2.2 provides a base
scenario example.
Table 2.2 Default cost values in EU
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Source: Lajunen (2018)
For example, it should assist the estimation on scenarios if battery costs reduce further, or
charging strategy changes, or charging methods and equipment improve. Though
operating costs would be lower for electric buses given the lower energy, maintenance and
emission costs, the costs of charging devices and technology replacement may still make
the life cycle costs for BEBs higher at present-day calculation, but this would improve and
eventually achieve price parity or even lower than running diesel buses. The baseline line
scenario for a BEB can be established from bus specifications from previous trials, or
manufacturers’ specifications, or own trials. Table 2.3 provide some detailed specifications
for some buses.
Table 2.3 Electric Bus Models
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Source: LowCVP 2016
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3. Hydrogen Bus and Considerations
3.1 Future Prospect of Hydrogen and Hydrogen Bus
Unlike electric buses, which have gained a vast level of support globally, hydrogen FCEB is still at
the early stage of development. This is clear from the considerable difference between the
numbers of BEBs and FCEBs currently in operation. Therefore, the consideration of FCEBs i not
the same as for BEBs, which are more advanced in the phases for technology, operation and
maintenance.
The challenge facing the hydrogen industry is essentially a “chicken-and-egg dilemma” (McCarthy
2021). Having the investment in hydrogen, there must be a demand. But to create the market,
there must be adequate investment in developing the technology and providing a reliable and
affordable supply.
In the light vehicle sector, battery-driven light vehicles have started occupying the market of ICEs
and have a greater first-mover advantage over fuel cell electric vehicles. According to
predominant people such as Elon Musk, who are leading the electric vehicle industry, the
competition from electric cars over hydrogen cars seems to have been won. However, this is not
the case for long-range transport and heavy vehicles such as trucks, rail, ferries and marine
shipping, where hydrogen stored in different forms such as green ammonia can offer a costeffective mechanism while meeting the emission reduction regulations (CEFC 2021, Deloitte &
Ballard 2020).
In a recent market study (May 2021) by the Australian government, Advisian and the Clean
Energy Finance Corporation (CEFC), neither metro nor regional bus fleets are mentioned as a
potential segment for hydrogen. As discussed earlier, Australian state and territory governments
have detailed plans and timetable for BEBs, yet have no serious plans for FCEBs. Neglecting FCEB
is not the case in many other countries and regions, such as in the EU. FCEB is regarded as a valid
alternative to BEBs. For example, in February 2019, Fuel Cells and Hydrogen Joint Undertaking
(FCHJU), a public-private partnership body set up by the EU in 2008 responsible for developing
and deploying hydrogen technology, proposed a road map for hydrogen development by 2030.
The roadmap plan includes rolling out 3.7 million fuel cell passenger cars, 500,000 light
commercial vehicles and 45,000 fuel cell buses and trucks. Hydrogen is selected as the primary
fuel source to replace diesel-powered rail with 570 diesel trains replaced by fuel cell hydrogen
trains by 2030. A recent report by Deloitte and Ballard (2020) suggests that hydrogen for bus and
other heavy vehicles is also within the roadmaps of many governments such as Japan and China.
It is arguable whether FCEBs is a viable alternative to BEBs in metropolitan areas given the
available electricity grid and facilities. In some countries, states or territories, BEBs may be the
best choice if the electricity mix includes more renewable energy sources. In other areas where
electricity has a high carbon density, FCEBs may be a more appropriate choice for ZEBs. In
regional and long-range bus operations, diesel buses are dominant, and it is more difficult to
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transit to BEBs with the lack of recharging facilities and depots and large areas for operation;
hence FCEBs with a hydrogen refuel option may be a more attractive choice for ZEBs.

3.2 Emissions during the Production of Hydrogen and FCEB Baseline Scenario
3.2.1 Types of Hydrogen and Emissions
CEFC (2021) suggest that around 95% of the world’s hydrogen production is from the reforming
of natural gas or other hydrocarbons, gasified coal or gasified heavy oil residuals. The technology
used is steam methane reforming (SMR). The alternative technology is auto-thermal reforming
(ATR). The CO2 emission equivalent from SMR using natural gas feed is about 8.5 to 10 CO2-e
kg/kg of hydrogen, called “grey hydrogen”. Applying carbon capture and storage (CCS)
technology to reduce carbon intensity will produce “blue hydrogen”. The COAG Energy Council
(2019) statistics are very similar to the above and shown in Table 3.1.
Table 3.1 The emission intensity of production (from COAG Energy Council 2019)
Production technology of hydrogen
Electrolysis – using Australian grid electricity
Electrolysis – 100% renewables
Coal gasification, no carbon capture and storage (CCS)
Coal gasification + CCS – best case
Steam methane reforming (SMR), no CCS
SMR + CCS – best case

Emissions (kg CO2-e/kg
hydrogen)
40.5
0
12.7 – 16.8
0.71
8.5
0.76

According to the CEFC report (2021, p.22), the detailed definitions are the following:
Black H 2 : Hydrogen formed through coal gasification, where there is an unmanaged byproduct of carbon dioxide.
Brown H 2 : Hydrogen formed through lignite gasification, where there is an unmanaged
by-product of carbon dioxide.
Grey H 2 : Hydrogen formed through the processing of hydrocarbons, such as via SMR,
where there is an unmanaged by-product of carbon dioxide.
Blue H 2 : Hydrogen formed through the same processes as grey, black and brown
hydrogen but where the carbon dioxide by-product is captured and secured via an
appropriate Carbon Capture Utilisation and Storage (CCS) technology.
Green H 2 : Hydrogen is formed via electrolysis of water using renewable electricity
source(s) with no process-related carbon emissions.
R

R

R

R

R

R

R

R

R

R

In the foreseeable future, black and brown hydrogen will be avoided to meet the zero-emission
requirements. The three most common types determining future hydrogen production and usage
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will be grey, blue and green hydrogen. As shown in Table 3.1 29, the best case of levels of CO2
emissions for blue hydrogen is 0.71 to 0.76 kg CO2-e/kg of hydrogen produced. The zero-emission
hydrogen is green hydrogen. Figure 3.1 shows some essential aspects of the three types of
hydrogen in Figure 3.1.

Figure 3.1 Three most common hydrogen types and their carbon intensity
Source: CEFC 2021.

3.2.2 Hydrogen’s Energy Density, Storage and Use in FCEBs
One kilogram of hydrogen can generate 33.33 kWh of usable energy, whereas petrol and diesel
only hold about 12 kWh/kg 30. Hydrogen is an excellent energy carrier concerning weight. One kg
of hydrogen, used in a fuel cell to power an electric vehicle, contains approximately the same
energy as a gallon of diesel. On the other hand, volumetric energy density for hydrogen is low
because hydrogen is very light and weighs 0.082 kilograms per cubic meter (0.082 kg/m³) at 0°C
and normal atmospheric pressure. It is a challenge when hydrogen must be transported from its
generation to a refuelling station suggesting that hydrogen needs to be compressed or liquefied
for storage, distribution and use.
Hydrogen can be stored as either a gas or a liquid, but storing it in gas requires high-pressure
tanks, and storage of hydrogen as a liquid requires meeting strict condition because the boiling

Coal gasification + CCS – best case (0.71)” and “SMR + CCS – best case” (0.76) in Table 3.1, can both be
defined as blue hydrogen.
30
From http://www.h2data.de/
29
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point of hydrogen at one atmosphere pressure is -252.8°C 31 . Pressurised hydrogen contains
about 0.5 kWh/litre at 200 bar, 1.1 kWh/litre at 500 bar and 1.4 kWh/litre at 700 bar.
Once the compressing and storage challenges are met, hydrogen can be stored in fuel cell tanks.
A fuel cell then combines hydrogen and oxygen to produce electricity, heat and water. Energy is
produced by a chemical reaction into usable electricity. FCEBs have two main advantages over
BEBs charged from the electricity grid. First, the refuelling time required for FCEBs is much
quicker (i.e., similar to fuelling up a diesel bus). Second, FCEBs can operate over a longer-range
given the high density of hydrogen. 32 Figure 3.2 is a diagram showing the mechanism of a fuel
cell in FCEBs using the Toyota Sora as a model.

Figure 3.2 Illustration of a hydrogen fuel cell bus (source: Toyota Sora 33)
In comparing the fuel/energy efficiency with diesel and electric buses, a recent report by PwC
suggests the numbers as shown in Table 3.2. To produced 9kg of hydrogen to run 100 kms for a
FCEB, the amount of CO2 emissions can differ significantly, from as low as 6.4 kg CO2-e for the
SMR+CCS method (i.e., generating blue hydrogen), to 364.5 kg CO2-e if hydrogen using grid
electricity which consumes electricity generated via a proportion of fossil fuels.

From https://www.energy.gov/eere/fuelcells/hydrogen-storage-basics
From https://www.ieafuelcell.com/index.php?id=33
33
https://www.h2-international.com/wp-content/uploads/2019/05/H2-international-April-2019.pdf
31
32
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Table 3.2 Energy consumption and emissions by various fuel sources
hydrogen Australian grid electricity
Electric bus
SMR + no CCS (grey hydrogen)
SMR + with CCS (blue hydrogen)
Diesel

Source: PwC (2020)

kg CO2
364.5
155.5
76.5
6.4
122.5

100 km
9kg
144 kWh
9kg
9kg
46.4litre

3.3 Cost of Hydrogen
As discussed, using hydrogen for FCEBs requires reliable and affordable supply to create demand.
TheCOAG Energy Council (2019) suggests a hydrogen breakeven price against each of the energy
sources of petrol, diesel and CNG given $13.31/kg, $11.21/kg and $1.2/kg delivered prices
respectively. If a hydrogen bus uses 9 kilograms of hydrogen to run 100 kms, the parity price for
hydrogen should be about $7.7/kg to match diesel (45 litres/100kms at $1.50/litre) and about
$3/kg to compare with an electric bus (144 kWh/100kms at $0.25/kWh).
There are three primary cost drivers on the pathway towards achieving cost competitiveness
for green hydrogen (PwC 2020):
1. The capital cost of electrolysers
2. Electrolyser efficiency and usage
3. The cost of renewable electricity
Including typical capital investments needed to prepare sites to prepare hydrogen by electrolysis,
today’s renewable hydrogen can be produced for between $6 and $9 per kilogram.
To achieve the $2/kg target in Australia, electrolyser costs will need to fall from $2 and $3 million
per megawatt to $500,000 per megawatt, and the cost of electricity from solar and wind will
need to halve from today’s levels 34.
Key hydrogen production cost metrics can also be found in the CEFC report (CEFC 2021), as
summarised in Table 3.3. These numbers look more promising. In 2020, the green hydrogen cost
is about $3.88/kg. Blue and grey hydrogen cost even less to produce at $3.02/kg and $2.20/kg to
produce. Considering the environmental impact, the green and blue hydrogen cost needs to be
reduced to $2/kg, which may be achievable if technology advances.

34

From https://arena.gov.au/blog/australias-pathway-to-2-per-kg-hydrogen
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Table 3.3 Hydrogen production costs

Source: CEFC 2021.
A recent report by ANU predicts that Australia could currently produce green hydrogen at about
$3.18-3.80/kg and will reduce the down to $2/kg by 2030 35. It may go down even further; for
sizeable industrial production around 2030, the actual production cost will likely be under $1 to
$1.50/kg 36.
For retail hydrogen price, it is still unclear because hydrogen as an alternative energy has not
been widely available for retail supply. Some industry experts have hinted the future retail price
for hydrogen should be between $6 to $10. It is expected that retail hydrogen price will at least
be twice the price of the current production price as shown in Table 3.3.

3.4 Challenges Facing Hydrogen Industry and FCEB
As shown in Figure 3.3, using hydrogen for transport is still very limited (at 5%), and FCEB has not
been adopted in Australia. The other 95% of the hydrogen produced is used for feedstock in
agriculture, export, and blended gas.

From https://www.abc.net.au/news/science/2021-01-23/green-hydrogen-renewableenergy-climate-emissions-explainer/13081872
35

36

From https://www.solarquotes.com.au/blog/anu-cheap-hydrogen
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Figure 3.3 Australia’s hydrogen end uses
Source: PwC 2020
The hydrogen industry's challenges in competing with other energy sectors are that hydrogen
has to be cost-competitive after disadvantages of hydrogen are factored in. Hydrogen as an
energy source has some disadvantages in compression, storage, and distribution, for example:
• It is challenging to liquefy for transport, and it is difficult to compress in gas and store, so
the cost in doing this can be high (e.g., requires 700 psi for compression or refrigeration
to -253 Celsius). It is estimated that the costs for this process can be between $0.60 and$7
per kg 37.
• Hydrogen has a metal embrittlement issue, so it is not easy to transport using typical gas
pipelines.
• It has safety issues because it is easy to leak or burn.
Even with these disadvantages, hydrogen has potential in transport. It has advantages for heavy
vehicles and long-range trips for buses, trucks, rail and marine freight ships (Deloitte & Ballard
2020).
The federal government has significant hydrogen projects in development, investing $539 million
in the hydrogen industry, with $275 in accelerating green hydrogen production and $264 million
to support carbon capture and storage technology development. Government has three main

From https://www.abc.net.au/news/science/2021-01-23/green-hydrogen-renewable-energyclimate-emissions-explainer/13081872
37

45 | P a g e

Assessment of Zero Emission Buses (by ITLS)
areas stated for hydrogen use: power vehicles; generate electricity and produce heat; and make
products like fertiliser, plastics and explosives 38. With the hydrogen industry in development,
whether FCEB can play a part in the metropolitan or regional bus fleet remains to be seen. It will
undoubtedly be a primary focus for development worldwide.

38

From https://www.industry.gov.au/policies-and-initiatives/growing-australias-hydrogen-industry
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4. Research on BEBs and FCEBs
This chapter summarises key research in the areas of BEBs and FCEBs. It serves as a helpful insight
for the future direction of analysis and modelling in this area.

4.1 Adoption of BEBs
There is a priority across the globe to shift diesel buses to BEBs powered by Li-ion batteries or
hydrogen fuel cell electric buses (FCEBs), or various forms of hybrid buses using both new and
conventional fuels (e.g., Li 2016; Li et al. 2018; Pagliaro & Meneguzzo 2019). Li et al. (2018)
examined the emerging trends and innovations for BEB adoption in 22 countries across the
Americas, Asia-Pacific and Europe. Their summary reveals that in most of these countries, the
procurement of BEBs is supported by public grants. In several countries such as China, Singapore,
South Korea, and Sweden, private grants are also given by large organisations. These grants come
from local, national or international sources, in cash, in-kind or tax incentives. Availability of
grants has sped up the process of shifting to BEBs.

4.2 Fuel Consumption and Emissions
The fuel consumption of a bus depends on many factors such as the size and age of the bus,
kilometres driven, road condition, patronage loading, and speed. Fuel consumption figures can
vary from a typical low of 28 L/100km up to 65 L/100km (e.g., Ally & Pryor 2016; BudgetDirect
2020; Hydrogen Europe 2020). The average fuel consumption for metro bus fleet in major
Australian capital cities is typically between 40 to 45 L/100km. A regional bus fleet could be
higher. In the ITLS bus fleet data set in another study, the average diesel consumption is around
41 L/100km (Balbontin et al. 2020). According to Ecoscore (2020), 1 litre of diesel generates 2.64
kg of CO2 tailpipe emission. If, for example, a bus uses 41 litres of diesel per 100km., then for
each kilometre, a bus would produce 1.08 kg of CO2. In passenger per kilometre units, diesel
buses in Australia emit 14 to 22 gCO2e/pkm (Climate Council 2017).
The Australian Department of the Environment and Energy (2017) has provided detailed
equations and factors for calculating transport fuel emission levels. For Euro buses using diesel
(covering bus fleets in Australia), the energy content factor in GJ/kL unit is 38.6, and the emission
factors are 69.9, 0.1 and 0.5 in kg CO2-e/GJ unit for key GHG emission types of carbon dioxide
(CO2), methane (CH4) and nitrous oxide (N2O) respectively. For example, if a bus fleet consumes
10000 kL of diesel, the relevant emissions are 26,981 tons of CO2, 39 tons of CH4, and 193 tons
of N2O.
Car passengers switching to bus travel can deliver noticeable environmental benefits. According
to the Institute for Sensible Transport (2018), buses produce 17.7 gCO2-e/pkm on-road emissions
in Melbourne, far better than 243.8 gCO2-e/pkm for cars better than other public transport
modes such as trains and trams.
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4.3 Energy Consumption and Emission Reductions for ZEBs
Energy sources such as electricity and hydrogen, when consumed on the road, do not generate
on-road tailpipe emissions or generate a negligible emissions level (Climate Council 2017).
However, the manufacturing, production, and disposal processes impose non-zero emission
outcomes resulting in positive overall life cycle emissions. In comparing the total lifecycle
emissions associated with alternative fuels to operate buses, these other upstream emissions
should not be ignored (e.g., WTT and TTW emissions).
A comparison of life cycle environmental impacts of alternative energy types is summarised by
Sharma and Strezov (2017). Interestingly they find that electricity linked sources create some of
the greatest negative environmental impacts compared to some other energy sources when the
full life cycle is accounted for.
Table 4.1. The emission intensity of production

Source: Sharma & Strezov 2017
Chang et al. (2019) compared CO2 emission levels associated with buses operating in the city of
Tainan. They conclude that emission levels are 63.14 gCO2e/pkm (grams of carbon dioxide
equivalent per passenger kilometre) for CNG buses, 54.6 gCO2e/pkm for diesel buses, 47.4
gCO2e/pkm for LPG buses, 37.82 gCO2e/pkm for plug-in BEBs, and 29.17 gCO2e/pkm for FCEBs.
These results suggest that reducing emission levels by moving from a fleet of diesel buses to
alternative fuels to a full electric bus significantly reduces overall emissions. However, when we
consider the whole life cycle and not just end-use, we cannot claim zero emissions, and in general
the debate of zero-emission buses is misleading.
Generating electricity through the electricity grid creates emissions. The emission factors
recommended by the Australian Department of the Environment and Energy suggest that the
indirect emission factors for consumption of electricity or loss of the electricity from the grid vary
by state. For example, in NSW and the ACT, sourcing electricity from the grid would generate
emissions at 0.83 kg CO2-e/kWh. In VIC, the factor is 1.08 kg CO2-e/kWh which is the highest in
Australian states and territories (Department of the Environment and Energy 2017).
Logan et al. (2020) recently compared the emission levels of conventionally fuelled buses (CFB)
with BEBs and FCEBs in the UK. They found that CFB emissions were 36 times higher than BEBs
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and nine times higher than FCEBs, considering the various electricity and hydrogen generation
process profiles. Some generation processes generate much higher emissions than other
methods.
From tests run by electric bus makers such as Bozankaya Sileo, Solaris and VDL, the types of BEBs
and how much BEBs consume in energy largely depend on conditions associated with on-road
operations such as temperature, air conditioning, heating, driving behaviour and other factors.
According to manufacturer’s data, BEBs with a 300 kWh battery charge may operate at 375 kms
in the best case but may also only run as few as 130 kms in harsh weather with the heating turned
on. This result also implies that the total emissions can vary significantly depending on electricity
consumed for the same distance travelled. Some hybrid BEBs with fossil fuel being to run the air
conditioning and heating may save electricity, but will generate more on-road emissions due to
the fossil fuel consumption (Sustainable Bus 2020b).
Several main hydrogen production processes include SMR, electrolysis, solar, wind or biological
driven processes (Energy.gov 2020; Rapier 2020). Some of these production processes can
generate a large carbon footprint. With this said, Australia has vast resources in hydrogen
production using both CCS and renewable methods to avoid high emission levels (Geoscience
Australia 2020). Having clean production pathways is considered critical in determining whether
hydrogen buses can help achieve emission reduction targets from the diesel bus fleet (Liu et al.
2018).
Without considering production, emissions from hydrogen vehicles are negligible in fuel
consumption. In a small hydrogen vehicle such as the Hyundai Nexo, 1 kg of hydrogen can travel
up to 100 km. In heavy vehicles such as the transit bus, the fuel consumption level can be as low
as 9 kg per 100 km in a new FCEB. FCEBs can operate for 300 to 450 kms without refuelling,
offering a similar level of capacity (flexibility) as the diesel bus in operation (Hydrogen Europe
2020).

4.4 Factors Influencing Energy Consumptions and Economy for ZEBs
Excluding the production of electricity or hydrogen in the life cycle, what other factors in bus fleet
operations can influence energy consumption levels of a BEB or FCEB bus fleet? Higher energy
consumption may not directly result in higher CO2 emissions on the road since both bus types generate

negligible emissions and increase production-related emissions through higher demand. In
general, the operating environment will impact on emissions as well as cost through different
levels of energy use (e.g., 90 to 150 kWh/100 km for BEBs). The emission level is directly impacted
by the energy consumption for BEBs, and the input sources used to produce electricity mix. For
example, in Tasmania with hydro-electricity keeping costs down or in Victoria which uses a lot of
coal.
Ally and Pryor (2016) show that distance, operating time, stops per distances, percent idle time,
average operating time per day and average speed are closely related to energy consumption.
This coincides with findings by Balbontin et al. (2020). Some other factors have also been
discovered by researchers that are closely related to energy consumptions of BEBs. For example,
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route characteristics and the amount of turning contribute to the energy consumed in electric
buses (Beckers et al. 2020). Other factors that may impact electricity consumption include tyres,
air conditioning, length and weight of the vehicle and fuel systems (National Academies of
Sciences, Engineering, and Medicine 2020). Ritari et al. (2020) investigated the relationship of
multispeed gearboxes of BEBs and energy efficiency to energy consumption and costs.
Higher energy consumption on the road will also result in higher costs in operation to offset the
benefits of BEBs in using electricity compared to diesel. Mohamed et al. (2018) point out that
cost is one of the top reasons that hinders Canadian bus service providers from adopting BEBs.
Besides capital costs for purchasing BEBs and operating costs for human resources and
infrastructure, fuel savings and electricity rates are a main consideration in cost. Lajunen (2018)
simulated different operation conditions and scenarios of BEBs for factors influencing energy
efficiency, consumption and costs. The factors under investigation include bus configuration,
charging method and operating routes. In particular, the study reveals that the battery's energy
capacity is crucial, while battery size has an insignificant impact on energy consumption and
costs. The results also show that end station (depot) charges are more cost-effective than
overnight charging and opportunity charging in terms of life cycle costs.
On FCEBs, according to Lee et al. (2019), the energy consumption of hydrogen buses is related to
multilayer factors, and results can vary significantly, with examples of these factors related to
each other such as geographic factors and regional electric grids. The US government considered
energy efficiency for FCEBs very important, so a benchmark was established to achieve 8 MPDGE
equivalent. Besides technology development, the discussed factors and links to the bus fleet
should be considered.
Fuel economy or efficiency is largely influenced by the temperature the bus fleet operates.
Average MPDGE data for BEBs indicate a considerable loss in efficiency when temperatures drop
from 18°C (18.8 MPDGE) to 0°C (14.8 MPDGE). The FCEB data indicate a loss from 6.0 to 4.7
MPDGE for the same temperature drop. Both show a reduction of approximately 21% in
fuel/energy economy. The loss in efficiency for BEBs leads to a smaller increase in fuel
consumption than it would for FCEBs (Henning et al. 2019).
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5 Planning and Transition Approaches to ZEBs
5.1 Planning and Considerations for Rolling out ZEBs
Several states and territories are developing detailed transition plans for electric buses, based
mainly on local trial findings and international evidence. For example, the discussion document
by CTI to the NSW state government mentioned the following points that should be included in
the strategic framework, suggested by TfNSW (CTI 2021):
•
•
•
•
•
•
•
•
•

Environmental benefits
Electricity supply
Cost of electricity
Technical details include time to charge the battery, charging facilities, battery life, and
hydrogen refuelling station
Maintenance costs
Design, review and testing process
More trials
Risk assessment
Capital and operation costs

These points cover some of the crucial considerations. The transition for ZEBs involves
governments at both federal and state levels, transport authorities in each state, and bus
operators. The plans should also involve other stakeholders who have expertise in financial,
technical and operational areas. These parties may include bus and charging/refuelling
manufacturers and electricity/energy companies. The adoption plan should also consider the
benefits for passengers and the community as a whole.
The planning and assessment process will involve many agencies who can advise on the most
appropriate technologies to adopt. A cost-benefit analysis as well as a financial appraisal should
be conducted before procurement that compares the state of the art knowledge on the growing
number of technology options. This should include the costs and benefits of different charging
methods, and the cost and availability of electricity from the grid.
ZEB trials provide a rich framework within which to collect information to identify all of the
technological, operational and financial issues, to feed into a cost-benefit analysis to establish a
baseline scenario in order to gain a greater understanding of what should be avoided and what
should be supported in the transition to a specific ZEB future. A three-year trial of ZEBs has been
initiated by the state government in Victoria before shifting its 4,000 bus fleet to ZEBs. The VIC
state government has invested $20 million to build up the experience and skills to prepare for
the ZEB transition (Victoria State Government 2021).
The World Resources Institute (WRI 2019) proposed ten questions for consideration in moving
to ZEBs:
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1)
2)
3)
4)
5)
6)
7)
8)
9)

What are the benefits and costs of ZEB?
What are the physical assets needed for ZEB adoption?
How are cities procuring ZEB services?
What is the role of energy utility companies and manufacturers?
What are possible ways to fund and finance ZEBs?
What incentives exist for investments in ZEBs?
What institutional and regulatory frameworks fare guiding the adoption of ZEBs?
What financial challenges have cities encountered when introducing ZEBs?
What technical and institutional challenges have cities encountered when introducing
ZEBs?
10) What are the key steps cities have taken to ensure success in adopting ZEBs?
Some of the questions are policy-related. Some are finance and operational related. For example,
the costs and benefits question relates to emission reduction, service quality, and cost savings,
as discussed in Chapter 1. It requires attention from the government, transport authorities as
well as bus operators. Question 2 about physical assets is mainly relevant to infrastructure,
batteries, depot, power supply for bus operators. Questions 3 on ZEB procurement suggests a
discussion between transport authorities and bus operators and may involve public/private
ownership.
There is little double that the ZEB transition is not a decision that any party can make in isolation.
It needs a systematic approach with many parties involved, as shown in in Figure 5.1.
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Figure 5.1 Key questions for stakeholders
(Source: McKinsey& Company, Energy Insights, from https://www.mckinsey.com/industries/oiland-gas/our-insights/the-european-electric-bus-market-is-charging-ahead-but-how-will-itdevelop#)

5.2 Government Policymaking and Support Actions
The Department of Industry, Science, Energy and Resources (2021), five priority initiatives for
government in moving to zero-emission vehicles:
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•
•
•
•
•

EV charging and hydrogen refuelling infrastructure
Early focus on commercial fleets
Improving information for motorists and fleets
Integrating EVs into the electricity grid
Supporting Australian innovation and manufacturing

They suggest that the Federal Government co-invest in the rollout of charging and refuelling
infrastructure through the $71.9 million Future Fuels Fund. The Future Fuels Fund can support
the Government’s First Low Emissions Technology Statement that identifies electric vehicle
charging and hydrogen refuelling infrastructure. The Future Fuels Fund can also co-invest with
the private sector to address relevant developments and demonstrate hydrogen refuelling
infrastructure and support commercial fleet projects that undertake electrical upgrades and
charging installation. Additionally, the Government has announced $70.2 million to support the
development of the first Australian regional hydrogen export hub and supply chain.
Policy making is more targeted and specific at the state level, directing policies related to actions
by the transport authority, bus operators, personnel training specialists, and energy companies.
The state government role in both policy recommendation and facilitating plans is critical for the
smooth transition of state contracted bus fleets to move forward on electrification. For example,
the Committee on Transport and Infrastructure of the NSW state government discussed in detail
how to support the roll-out of BEBs in the regional and metropolitan public transport network in
NSW (CTI 2021). Their support actions include 1) training staff and drivers; 2) auditing depots and
choosing infrastructure; 3) examining battery options and performance; 4) ensuring ZEBs are safe
and accessible; 5) ensuring passengers’ interests are looked after, and 6) promoting bus
production in NSW.
With the federal government providing broad policies and funding to allow further development
in the transition process, and state government providing tactical support Australia should be
well positioned to transition to the best value green or low emission bus future.

5.3 Decision-making for the Transport Authority and Bus Operator
Experience gathered from participants of the EU “Zero Emission Urban Bus System” initiative
provides many valuable guidelines for transport authorities and bus operators when considering
and conducting the procurement and operation of ZEBs (ZeEUS 2018). It is worth noting that
procurement is only one step in the decision-making stage, nonetheless it is one of the most
critical steps.
For procurement, it is suggested that bus operators and indeed tendering authorities (i.e., the
regulator) change their thinking from vehicle procurement to the whole supply chain and
management system which includes infrastructure service and operation. This supply chain
involves participation through alliances and cooperation of parties responsible for or capable of
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delivering public transport service, local administration, bus operations, energy supply, charging
solutions and bus manufacturing (ZeEUS 2018).
The collective wisdom of participating parties requires a decision support framework to ensure
the best value outcome for procuring and implementing ZEB plans (ZeEUS 2018a). These seven
stages are Stage 1 Decision in principle; Stage 2 Understanding requirements and issues; Stage 3
Decision to proceed; Stage 4 Planning services and preparing for operation; Stage 5 Specification;
Stage 6 Procurement; and Stage 7 Preparing for implementation.
To provide an example of such an approach, for Stage 5 “specification,” which is a crucial stage
before procurement, the points to consider and related contributory factors in the decision tree
include asking the following questions and addressing them.
 Do the vehicle and battery specifications take account of all factors affecting optimization
of electricity use?
 Length and topography of the route, number of stops
 Availability, ownership and configuration of suitable sites for charging (depot and
en-route)
 Features and performance of charging system
 Frequency of service and time available for charging at the end of route or en
route
 Current and future passenger loading
 Requirements for air conditioning and heating
 Simulation of the impact of key parameters on energy use
 Interoperability with any existing e-buses and charging systems
 Does the charging infrastructure specification take account of all factors affecting the
optimization of bus charging?
 Feature and performance of batteries
 Charging infrastructure required by batteries
 Availability, ownership and configuration of suitable sites for charging (depot and
en route)
 Does the charging infrastructure specification take account of all factors affecting
optimization of electricity use?
 Limitation of the local electricity grid
 Location of electricity substations
 Does the proposed location of charging infrastructure maximise chances of smooth
implementation?
 Site surveys to accurately record utilities and structures help with site selection
and save time and resources in the construction phase
 Charging infrastructure installed on land owned by local authority or bus operator
 Is planning permission required for charging points?
 Early discussions with city planners to understand the process
 Sufficient time for the approval to avoid delay to the implementation
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At each stage of the ZEB implementation, a list of key questions and related features in answering
each question allows bus operators to apply a systematic approach.

5.4 Overcoming the Main Barriers and providing a Good Start in Adopting ZEBs
WRI (2019) summarised the following main barriers in adopting ZEBs and classified the main
barriers into three classes: technological, financial and institutional-based.
Technological Barriers
At the vehicle level, the main technological barriers are related to a lack of information on the
advantages/disadvantages of new technology, range and power limitations for BEBs, and any
design issues in BEBs. At the operation level, a lack of information on how to start and operate a
ZEB fleet is a main barrier for bus operators, which hopefully can be solved with trials. On the
grid and charging level, a lack of understanding of the need for an upgrade, charging ports and
grid instability, and lack of established standards come up as the top barriers. To our knowledge,
some of these barriers have been well reflected in feedback from BEB trials in Australia.
Financial Barriers
At the vehicle level, the main barrier is how to have up-front capital investment in procuring BEBs
and what financial options bus operators may have. At the operation level, building rigid and
optimised financial management and business model and scaling up investment for bus
operators are the main challenges. The main barriers are significant expenses in infrastructure
and ambiguity in related responsibilities associated with the grid and charging level.
Institutional Barriers
At the vehicle level, the main barriers are related to the engagement of BEB manufacturers and
the plan to remove the current fleet. At the operations level, enabling policies to support
electrification, managing public perception, maintenance duties, and government coordination
are key barriers. For the grid and electricity level, finding space and land and locating depot and
charging infrastructure is the main barrier.
Based on the experience of 16 cities, WRI (2019c) suggests five planning steps to carry out ZEB
adoption, including 1) considering the existing policy landscape; 2) conducting initial costs and
benefits analysis for the stakeholders: 3) planning and piloting; 4) exploring financial options and
5) setting actionable and time-bound targets. Once the planning stage objectives have been
achieved, the mass adoption stage is reached with set of formalisation and implementation
actions to follow. These factors and activities are illustrated in Figure 5.2.

56 | P a g e

Assessment of Zero Emission Buses (by ITLS)

Figure 5.2 Enabling factors and actions in the planning and scaled-up lifecycle of ZEB adoption
Source: World Resources Institute, 2019c.
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Appendices
Appendix 1 Emissions and energy efficiency of buses
Table A1.1 Emission factors beyond tailpipe emissions and fuel/energy efficiency (base:
standard 12-metre bus)
Plug-in
charging

Conductive
charging

WPT/IPT*
(Inductive
charging)

Grey
Hydrogen
(best case)

Blue
Hydrogen
(best case)

Green
Hydrogen

656
(1
kWh/km)

682
(1
kWh/km)

650
(1
kWh/km)

850

71

0

(0.1kg/km)

(0.1kg/km)

(0.1kg/km)

48.59%

50.50%

48.15%

62.70%

5.26%

0.00%

90 to 150 kWh

9 to 10 kgs

9 to 10 kgs

9 to 10 kgs

$AUD0.25/kWh

$AUD4.40/kg

$AUD6.04/kg

$AUD7.76/kg

$AUD60.00

$AUD22.50

$AUD39.60

$AUD54.36

$AUD69.84

$AUD90.00

$AUD37.50

$AUD44.00

$AUD60.40

$AUD77.60

100.00%

75.00%

51.11%

32.89%

13.78%

100.00%

37.50%

34.00%

9.40%

-16.40%

Diesel
Life cycle
emission (g
CO2/km)
Emission
percentage relative
to diesel (per km)
Fuel efficiency per
100 kms
Unit cost
Energy/Fuel cost
per 100 kms (low
end) $AUD2021
Energy/Fuel cost
per 100 kms (high
end) $AUD2021
Cost saving relative
to diesel (best case)
(high end)
Cost saving relative
to diesel (low end)
(per km)

Note:
•
•
•
•
•
•
•
•

1350
(0.5 ltr/km)
100.00%
40 to 60
litres
$AUD1.50/
litre

The information was compiled from different sources
All per km emissions are calculated based on 50 passengers
electricity charging is based on state electricity grid factor of 1.08 for Victoria
Based on https://www.statista.com/statistics/1190081/carbon-intensity-outlook-of-australia/,
the average CO2 per km for Australia is 656.4 g.
The 1.04 kg CO2/km for electricity is from Victorian factor of 1.08 kg CO2/kwh * 0.96
The inductive charging saves only 0.5% of emission and 0.3% of energy according to a very
recent test done in Ann Arbor in Michigan.
SMR: Steam Methane Reforming
CCS: Carbon Capture and Storage
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Appendix 2 Emissions of electricity grid and hydrogen production in Australia
Table A2.1 Indirect emission factors for consumption of purchased electricity or loss of
electricity from the grid
State or Territory
New South Wales and Australian Capital Territory
Victoria
Queensland
South Australia
South West Interconnected System (SWIS) in Western Australia
North West Interconnected System (NWIS) in Western Australia
Darwin Katherine Interconnected System (DKIS) in the Northern Territory
Tasmania
Northern Territory

Source:

Emission factor
kg CO2/kWh
0.83
1.08
0.79
0.49
0.70
0.62
0.59
0.14
0.64

https://www.environment.gov.au/system/files/resources/5a169bfb-f417-4b00-9b706ba328ea8671/files/national-greenhouse-accounts-factors-july-2017.pdf

Table A2.2 Emissions intensity of hydrogen production
Production technology
Electrolysis – Australian grid electricity
Electrolysis – 100% renewable electricity
Coal gasification, no CCS
Coal gasification + CCS – best case
Steam methane reforming (SMR), no CCS
SMR + CCS – best case

Source:

Emissions
(kg CO2/kg hydrogen)
40.5
0
12.7 – 16.8
0.71
8.5
0.76

https://www.ga.gov.au/scientific-topics/energy/resources/hydrogen
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Appendix 3 Energy density and heat value
Table A3.1. Heat values of various fuels
Heat value
Hydrogen (H2)

120-142 MJ/kg

Methane (CH4)

50-55 MJ/kg

Methanol (CH3OH)

22.7 MJ/kg

Dimethyl ether - DME (CH3OCH3)

29 MJ/kg

Petrol/gasoline

44-46 MJ/kg

Diesel fuel

42-46 MJ/kg

Crude oil

42-47 MJ/kg

Liquefied petroleum gas (LPG)

46-51 MJ/kg

Natural gas

42-55 MJ/kg

Hard black coal (IEA definition)

>23.9 MJ/kg

Hard black coal (Australia & Canada)

c. 25 MJ/kg

Sub-bituminous coal (IEA definition)

17.4-23.9 MJ/kg

Sub-bituminous coal (Australia & Canada)

c. 18 MJ/kg

Lignite/brown coal (IEA definition)

<17.4 MJ/kg

Lignite/brown coal (Australia, electricity)

c. 10 MJ/kg

Firewood (dry)

16 MJ/kg

Natural uranium, in LWR (normal reactor)

500 GJ/kg

Natural uranium, in LWR with U & Pu recycle

650 GJ/kg

Natural uranium, in FNR

28,000 GJ/kg

Uranium enriched to 3.5%, in LWR

3900 GJ/kg

Source:

https://www.world-nuclear.org/information-library/facts-and-figures/heat-values-of-various-fuels.aspx

Diesel has an energy density of 45.5 megajoules per kilogram (MJ/kg) and gasoline has an energy
density of 45.8 MJ/kg. By contrast, hydrogen has an energy density of approximately 120 MJ/kg,
almost three times more than diesel or gasoline. The energy density of hydrogen is equal to 33.6
kWh of usable energy per kg, versus diesel which only holds about 12–14 kWh per kg. With an
ICE, approximately 50% of the energy generated is transferred to heat; but electric drivetrains
only lose 10% of their energy to heat. This efficiency difference shows just how much consumers
are losing with less efficient ICEs 39.

Adapted from “Run on less with hydrogen fuel cells” (https://rmi.org/run-on-less-with-hydrogen-fuelcells/#:~:text=Diesel%20has%20an%20energy%20density,more%20than%20diesel%20or%20gasoline.)
39
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Appendix 4 Useful conversions of electricity and hydrogen
Meanings of units
•
•
•
•

•
•
•

•
•

kilo (k=103), mega (M=106), giga (G=109), tera (T=1012), peta (P=1015), and Exa (E=1018)
Amps are amperes, a unit which measures electrical current. It can be helpful to imagine electrical
current as water in a hose. In this analogy, the quantity (volume) of water would be the amps.
Volts are a unit to measure force. They measure the force required to make the electrical current
(amps) flow. In the hose analogy, the volts would be the water pressure. North American homes
typically use 120V for their electrical supply, whilst 230V is common across many other countries.
Watts represent the amount of energy produced by the amps and volts working together.
Multiplying amps (water volume) by volts (water pressure) gives you the wattage (the resulting
power or energy). A water wheel would turn faster and longer, generating more energy if it uses
increased water volume and higher water pressure; the same applies to the wattage if amps and
volts are increased.
amps = watts / volts (e.g., 1500 watts / 120 volts = 12.5 amps; 3000 watts / 120 volts = 25 amps)
DC stands for direct current when the current flows in one single direction.
AC stands for alternating current, when the current periodically changes direction. In Northern
America and Western Japan, this usually happens 60 times per second, or 60Hz / hertz. In Europe,
the UK, East Japan and most of Australia, South America, Africa and Asia, the current changes
direction 50 times per second, which is 50Hz. Power supplied to homes and businesses uses AC
supply.
1kg of hydrogen is equivalent to 33.6 kWh
Hydrogen is the lightest gas in the universe. One litre of this gas weighs only 90 mg under normal
atmospheric pressure, which means that it is 11 times lighter than the air we breathe.
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Appendix 5 Fuel cell bus suppliers and manufacturers
European bus OEMs with FCEBs demonstrators / offering fuel cell buses for sale

Non-European bus OEMs with FCEBs demonstrators / offering fuel cell buses for sale

Figure A5.1. Brand logos for main fuel cell bus makers (not exclusive)
Source:

https://cleanbusplatform.eu/storage/files/uitp-jive-cbep-fcb-training-all-presentations-in-sequence.pdf
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Appendix 6 Electric bus suppliers and manufacturers

Figure A6.1. Brand logos for main electric bus makers (not exclusive)
Source:

https://www.sustainable-bus.com/wp-content/uploads/2018/06/zeeus-ebus-report-2.pdf
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Appendix 7 Worldwide averages for a 12-metre bus fleet
Table A7.1 Fleet Assumption

Source: WRI 2020.

69 | P a g e

Assessment of Zero Emission Buses (by ITLS)
Table A7.2 Fuel Efficiency of 12-Metre Buses by Country/Region

Source: WRI 2020
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