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Summary
Green House Gas (GHG) Emissions

Graph 1 Green House Gas (GHG) Emissions
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The lowest emissions are presented in Battery Electric Buses (BEB), trolleybuses and opportunity charge
systems. Alternate buses can reduce Greenhouse Gases (GHG) emissions, but it is worth mentioning
that these are not zero emission vehicles. Mexico's electricity grid is quite fossil heavy, which is why even
purely electric buses result in emissions that range between 40-50% of fossil bus emissions. This has an
impact on the marginal costs of CO2 reduction and shows the limitations of the use of electric vehicles as
a strategy to reduce GHG emissions. Since the Euro VI bus is used as the baseline, the difference in
black carbon emissions from diesel buses and alternate buses is minimal.
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Local Emissions

Graph 2 Local Emissions
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The differences between the technologies compared to the Euro VI diesel buses are marginal. The same
occurs with NOx emissions. The significant impact is in changing from Euro III, IV or V to Euro VI.
Therefore, the impact of alternative buses on local emissions and local air quality is marginal. There are
fewer noise emissions from electric buses, but this needs to be placed within the context of already
existing noise from traffic and other city activities.

Financial Profitability (Financial Internal Rate Of Return -FIRR)

Graph 3 Financial Profitability (Financial Internal Rate Of Return –FIRR)
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Trolleybuses and opportunity charge systems operating with hybrids in well-defined systems have lower
total life costs (TLC) than those of diesel buses. All other alternatives have higher costs and a financial
and economic return for the incremental investment that is below the financial benchmark (the WACC)
and below the social benchmark. The results are robust even with a sensitivity analysis and show that
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with the current price and that expected for the coming years, the buses of low CO2 emissions are not
profitable and require subsidies.

Technical Aspects
Battery-electric buses (BEB) do not yet have the same level of reliability and availability as diesel buses.
This implies the need to have a larger BEB reserve fleet (and therefore a greater investment) when
compared with conventional buses. In other alternative technologies the systems are already more robust
and comparable with diesel buses. BEB also generally have a lower passenger load capacity, which
leads to the need for a greater number of buses in peak periods in order to maintain the same service
level. In addition, due to its rank and power limitations, its use is limited to short routes, with a lower influx
of people and without slopes.

Flexible Use of Technologies

Image 1 Flexible Use of Technologies

Source: Grütter Consulting (2017).
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1 Introduction
The consultancy is within the framework of the technical assistance agreement provided by the C40
Cities Finance Facility (CFF) to the Municipality of Mexico City (CDMX). This consultancy seeks to
prepare the investment project for the implementation of an electric bus corridor on Eje 8 Sur in Mexico
City. Thus, the objective of the consultancy is to provide support to CDMX in identifying and evaluating
alternative technologies for buses that can initially utilized and implemented on the Eje 8 Sur Corridor.
Alternate technologies are those that are not based on diesel engines. This report makes an inventory of
these alternative bus technologies and compares them with diesel buses. The inventory includes a
technological description and a comparison of the environmental, financial and economic impacts.
The structure of the report is:
Chapter 2 describes the methodology used to compare bus technologies;
Chapter 3 describes the baseline bus;
Chapter 4 lists the different alternative technologies that are later analyzed in detail in Chapters 5
through 11;
Chapter 12 makes a comparison between technologies and Chapter 13 makes conclusions
concerning alternative technologies.

2 Methodology
2.1

Introduction

The report makes a comparison between bus technologies. Therefore, important factors or parameters of
operation are identified in areas where the different technologies potentially differ; for example, fuel
consumption, and availability of the bus or its emissions. Thus, in the financial and economic part, the
emphasis is on differential costs and benefits; for example, the difference in investment cost between a
hybrid bus and a conventional bus or the differences in total operating costs.
The comparison is based on buses with a similar maximum passenger capacity. This point is important
since comparisons are sometimes made with buses of the same size, but with very different passenger
capacities. In general, the number of buses required per route is calculated according to the frequency of
operation, maximum demand in peak hours as well as maximum capacity of the bus. This last variable
can be changed by adding a larger number of buses (effectively increasing the frequency) or by using
larger buses. Both cases have an effect on the financial, economic and environmental variables (more
energy is used and there are larger levels of emissions per passenger transported). Using more buses,
not only increases the CAPEX but the total OPEX (more drivers are required, etc.). Therefore, in order to
really compare bus equivalents, a comparison is made between units that can fulfill the same passenger
transport function.
The evaluation and comparison of technologies includes five areas:
1. Operating conditions: the operating conditions and technical parameters can potentially influence
the environmental, financial, economic and risk criteria.
2. Environmental criteria: includes the climate change impacts in addition to local impacts.
3. Financial criteria: includes investment costs and bus operating costs to determine the Net Present
Value (NPV) and the differential Financial Internal Rate of Return (FIRR). In addition to including
the differential costs per kilometer traveled, bus availability levels are included since for a lower
degree of bus availability, a larger reserve fleet is required. That is the reason for which the
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CAPEX of the fleet increases. In the same way, for transparency purposes, the financial
parameters are calculated per bus unit and by equivalent bus, in case of significant differences in
technologies of bus availability1.
4. Economic criteria: includes the external costs and benefits for the economic NPV and to
determine the economic internal rate of return (EIRR).
5. Risk and flexibility criteria: a qualitative comparison of risk parameters is made, including the
maturity of the technology and experience of operators.

2.2

Operating Conditions

Aspects pertaining to operating conditions fall within these criteria. The following table lists the potentially
relevant operating conditions for the environmental, financial, economic and risk aspects.

Table 1 Operating Conditions

1

ID

Condition

Comment

1

Bus size

2

Passenger capacity
by bus / total gross
weight

3

Climatological
characteristics

High and low temperatures can influence bus performance according
to technology; likewise it can influence the use of AC and heating.

4

Geographical slopes

Inclined slopes can affect certain technologies more than others with
impacts on the speed of circulation, performance and range of
operation.

5

Operating flexibility

Buses with certain technologies can only operate on specific routes or
corridors on which the infrastructure for their operation has been
installed (for example, trolleybuses). That basically affects the
operational flexibility of the buses.

6

Range of Operation

For certain technologies buses have a limited range of operation. It is
not considered as a limited operating range if the bus can cover the
daily mileage range.

7

Availability of fuel

Certain technologies are not available or have not been used
commercially for certain bus sizes.
Certain technologies result in buses of greater weight or a reduced
interior size thereby reducing maximum passenger capacity.

Certain technologies may not be applicable in the short or medium
term in Mexico due to lack of fuel.

The term equivalent indicates that the bus can perform the same level of service as a conventional bus.
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Other technical aspects such as range of rotation, suspension or braking time are not directly related to
different technologies, but with different bus brands or operator requirements that can be met without any
difference in technology.

2.3
2.3.1

Environmental Criteria
Parameters

The following table indicates the parameters studied.

Table 2 Environmental Parameters
ID

Parameter

Energy
1
Energy Use
Climate Change
2
Green House Gas Emissions (CO2, CH4)
3
Black Carbon Emissions expressed in CO2e
Local Pollution
4
PM2.5 emissions
5
NOx emissions
6
SO2 emissions
7
Noise levels
Lifecycle
8
Upstream energy emissions
9
Bus life cycle and components emissions

2.3.2

Evaluation
Quantitative
Quantitative
Quantitative
Quantitative
Quantitative
Quantitative
Quantitative
Quantitative
Qualitative

Energy Use

Only the energetic use needed to propel of the bus is considered. It is expressed as bus performance in
liters, kg, m3 or kWh per kilometer depending on the type of energy used.
The information sources used for different technologies are mainly based on real consumption values of
large fleets. As additional values, the consumptions are taken according to the COPERT model and pilot
fleet values. Results of pilot fleets have little statistical validity because there are few buses and because
of the influence on the consumption of many factors that can be differentiated. Consumptions of buses
are influenced by many factors including weather conditions, height, traffic and street conditions, speed,
driver, occupancy levels, bus model and technology used (see following graphic as an example).
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Image 2 Examples of Influencing Factors of the Energy Consumption of an
Electric Bus

Source E. Jobson, 11/2015, https://volvobusenvironmentblog.com/2015/11/17/opportunity-charged-electric-buses/

The sole interest for this study lies in the differences in consumption in relation to the type of technology,
for which other factors must be filtered. For this reason, for alternative technologies for different cities,
percentage values are reported relative to comparative buses using diesel and not absolute values of
consumption2.

2.3.3

Green House Gas (GHG) Emissions

2.3.3.1 Combustion Emissions
Greenhouse Gases (GHG) included under the United Nations Framework Convention on Climate Change
(UNFCCC) are carbon dioxide (CO2), methane (CH4), nitrous oxides (N2O), perfluorocarbons (PFCs),
hydrofluorocarbons (HFCs), sulfur hexafluoride (SF 6) and nitrogen trifluoride (NF3). For the transport
sector only CO2, CH4 and N20 are relevant3. However, according to methodologies to determine transport
sector emissions by the UNFCCC, N2O emissions are very marginal, therefore only CO 2 emissions and,
additionally, for gas-based engines, CH4 emissions are included4.
CO2 emissions are determined based on energy consumption according to the IPCC (2006) methodology
also used in all approved methodologies by the UNFCCC:

𝐸𝐶𝑂2,𝐶 = 𝐹𝐶𝑥 × 𝑁𝐶𝑉𝑥 × 𝐸𝐹𝐶𝑂2,𝑥
where:

2

In case of the use of different energetics the values are expressed in MJ.
See IPCC, 2006, chapter 3
4 See, for example, ACM0016 o AM0031 en https://cdm.unfccc.int/methodologies/PAmethodologies/approved
3
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ECO2,C
FCx
NCVx
EFCO2,x

CO2 emissions by combustion
Fuel consumption type x
Net calorific value of type x fuel
CO2 Emission Factor of type x fuel

The IPCC also includes CO2 emissions from the use of urea in catalytic converters for diesel engines
using the following formula5:

𝐸𝐶𝑂2,𝑁𝐶 = 𝐴 ×

12
44
×𝑃×
60
12

Where:
ECO2,NC
A
12/60
44/12
P

CO2 emissions not by combustion
Amount of urea consumed (generally 1-3% of diesel consumption)
Stoichiometric conversion factor of urea to carbon
Stoichiometric conversion factor of carbon to CO2
Purity of urea (default value 32.5%)

When carrying out the calculation with IPCC default values, CO 2 emissions by urea are between 0.1 and
0.2% of the emissions by combustion, and since they are considered insignificant, they are not included
in this report.
For CH4 emissions, the Tier 3 method of IPCC (2006) is taken with values per kilometer based on
technology used based on COPERT, and transformed to CO 2e using the global warming potential (GWP)
according to IPCC.

2.3.3.2 Black Carbon Emissions
Black Carbon (or BC) is an important GHG. A scientific evaluation of BC emissions and their impacts
found that BC comes second to CO2 in terms of its climate impact. BC is on average 2,700 times more
powerful than CO2 after 20 years, and 900 times more powerful after 100 years 6. BC is part of the
particulate matter (PM) emissions from diesel engines. To determine the CO 2e emissions of BC, the
emission values of PM2.5 (based on COPERT), the fraction of BC in PM 2.5 (based on COPERT) and the
GWP100 of BC are used to determine CO2e based on conservative average values of different
international scientific studies.

2.3.3.3 Emissions from Electricity
GHG emissions caused by electricity production are included based on the procedures used in
transportation methodologies outlined by the UNFCCC. The Green Climate Fund (GCF) also uses the
same procedure to analyze proposals for electric vehicles. The emission factor of the electric network is
always taken except if the vehicles only use electricity produced by a company that is not integrated into
the network. It is not important whether the operator makes a contract to purchase only renewable energy
or if he has renewable energy certificates. The reason for this is that renewable energy certificates or
single renewable energy consumption contracts do not have a direct 1: 1 impact on electricity production.
Therefore, this type of arrangement is not recognized when determining the GHG impact of the use of

5
6

IPCC, 2006 formula 3.2.2.
See Bond 2007 y 2013 y World Bank, 2014
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electric vehicles. This policy is followed by the GCF, the UNFCCC or compensation projects in domestic
markets, such as in Switzerland7, for example.
The carbon emission factor of electricity production is based on the average emission factor of the current
network, which is published by SEMARNAT as a value to be used to determine indirect emissions of
electricity consumers8.

2.3.3.4 Upstream Fuel Emissions
Indirect emissions are not generally included in the calculations made by the UNFCCC. They can be
generated inside or outside the country. However, they can be considered as significant leakage
emissions, which will be included in the report in a transparent manner. Upstream fuel emissions (Well-toTank, WTT) are based on the extraction, refining, transport and distribution of fuels. Default values based
on the UNFCCC are used for different types of fuel. In the case of electricity, its WTT emissions are
considered as direct and indirect emissions (see above).

2.3.3.5 Emissions by Vehicles and their Components
GHG emissions and potentially significant environmental impacts in manufacturing the vehicles and their
components, specifically batteries, are qualitatively discussed. Emissions may occur partially within the
country. They depend significantly on components, materials, manufacturers and assumptions by which
they can vary considerably. For example, the environmental impact of electric bus emissions from
batteries can vary significantly depending on the type of battery used, according to the origin of the raw
materials or according to the assumptions, that is, how the batteries will be used once they have reached
the end of their life span in vehicles.

2.3.3.6 Parameters and Values Used
The following table shows the parameters and standard values used in the report. The values of energy
consumption and CH4 emissions, which are relative to the technologies detailed in each respective
chapter, are not included in this table.

Table 3 Values to Determine CO2 Emissions
ID

Parameter

Value

Source

1

NCV

Diesel: 43.0 MJ/kg
GN: 48.0 MJ/kg

IPCC, 2006, table 1.2
default values

2

EFCO2

Diesel: 74.1 gCO2/MJ
GN: 56.1 gCO2/MJ

IPCC, 2006, table 1.4
default values

7

This was specifically stated, for example, in projects of modal shift from road to rail or methanol production projects
(the two projects using certified electricity from renewable production); see BAFU, 2017, A3
8 https://www.gob.mx/semarnat/acciones-y-programas/registro-nacional-de-emisiones-rene

19

Alternative Bus Technologies

3

Density

Diesel: 0.844 kg/l
GN: 0.714 kg/m3 (n)
GNL9: 0.45 kg/l

IEA, 2005; IGU, 2012

4

GWP100 of BC (includes direct effect and
Cryosphere effect)

900

Bond, 2013 also see
IPCC, 2013, table 8.A.6

5

Fraction of BC in PM2.5 for Euro VI motor
diesels, HDVs (heavy vehicles)

15%

EEA, 2016, table 3-117
(Corinair/COPERT)

6

GWP100 of CH4

28

IPCC, 2013, table 8.A

7

CO2 emission factor of the electric
network

0.458 kgCO2/kWh

SEMARNAT, 201710

8

WTT additional factor

Diesel: 23%
GNC: 18%
GNL: 29%

UNFCCC, 2014, table 3,
default values

2.3.4

Local Emission

The Tier 3 methodology of the COPERT11 model is used to determine PM2.5 and NOx emissions. For SO2,
emissions are calculated based on the sulfur content in the diesel and bus consumption (applies only to
buses that use diesel). In Tier 3, the emissions are determined according to operating conditions,
including the use of the bus (urban bus), the size of the bus, its Euro category, the speed of circulation,
the occupancy degree, and the average geographical slope. The reductions of local emissions are
determined in the case of hybrid buses due to the lower use of fuel. Only emissions from propulsion are
included and not the emissions caused by abrasion (tires and brakes).
Noise emissions are determined according to the noise differences between technologies and only
including noise from the engine (the other sources of noise do not differentiate between technologies).
However, a comparison and calculation of the economic effect similar to that made in atmospheric
emissions cannot be made determined to the fact that noise emissions are calculated at a decibel level
per vehicle. Therefore, in order to determine total noise impact, and therefore the potential effect on
health and well-being, road noise levels would have to be added in addition to the relative contribution of
the different technologies. Likewise, it should be based on baseline buses or Euro VI diesel buses of the
same size as the alternate buses.
The following table shows the parameters and default values used for calculations.

9

LNG density; gas density equal to GN
Official value for the year 2015 to be used also for the year 2016 according to the SEMARNAT notice of
01.06.2017
11 EEA, 2016
10
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Table 4 meters to Determine Local Emissions
ID

Parameter

1

Degree of sulphur in diesel

Value

Source

15 ppm of sulphur
equivalent to
0.025 gSO2/l

Official Mexican Standard NOM-016CRE-2016; equivalence based on the
molecular weight of S versus SO2

2

Urban bus operation speed

18 km/h

Supposed

3

Average slope12

0%

Supposed

4

Degree of average occupation13

50%

Supposed

2.4

Financial Criteria

To obtain financial criteria, the procedure used is the determination of annualized differential costs to a
baseline diesel bus. A calculation of total costs from each unit is not made since many of the costs are
not influenced by the different technology (for example, the driver, various maintenance costs etc.).
Likewise, a relative calculation is made as maintenance costs and investment costs are dependent on the
bus standards used in Mexico and their local costs.
The financial costs (CAPEX) include the investment costs of the bus and the additional infrastructure
required (for example, energy loading stations) plus the costs of partial replacement of the investment (for
example, batteries). Potential differences in service life are also included according to bus technology and
potential differences in bus availability, this influencing the number of reserved buses 14.
Differential operating costs (OPEX) basically include maintenance and energy costs.
The financial internal rate of return (FIRR) is determined from the investment of a bus different from the
diesel reference unit. In other words, it is calculated based on whether it is worth investing in a bus of a
different technology from a financial point of view. The Net Present Value (NPV) differential is calculated
based on the Weighted Average Capital Cost (WACC):

𝑊𝐴𝐶𝐶 = 𝑟𝑒 × 𝑊𝑒 + 𝑟𝑑 × 𝑊𝑑 × (1 − 𝑇𝑐 )

Where:
WACC
re
We
rd
Wd

Weighted Average Cost of Capital
Cost of own capital
Percentage financed with own capital
Cost of credit
Percentage financed with credit

12

COPERT Model Range -6% a +6%
COPERT Model Levels 0%, 50%, 100%
14 Total comparable costs are determined by available bus.
13
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Tc

Corporate tax rate

The following table shows the values used to determine the WACC.

Table 5 Parameters to Determine WACC
ID

Parameter

Value

Source

1

Cost of own capital
(re)15

10.5%

UNFCCC, CDM Methodological Tool Investment Analysis
Version 7.0, 2016; value for the transport sector in Mexico

2

Percentage of own
capital (W e)

30%

Typical bus financing values

3

Real cost of credit (rd)

9.5%

CAT de 16.5% nominal (Banamex16) minus 7% inflation17

4

Percentage of
borrowed capital (W d)

70%

Typical bus financing values

5

Corporate tax rate (Tc)

30%

Deloitte, Corporate Tax Rates, 2017

The resulting value for the WACC is 7.8%18.
The calculations are made with real and not nominal values, that is, inflation effects are not included. Tax
effects are not included in the calculations of the FIRR and the NPV.
The calculation for diesel and battery / capacitor prices will be made with real price trends.
Likewise, a sensitivity analysis is carried out for the main parameters such as investment cost, energy
costs and energy price trends.
The following table shows the parameters used for all calculations.

15

Reflects the risk premium, the country risk premium based on the Moody country risk rating, plus the risk level of
the sector.
16 https://www.banamex.com/es/pymes/creditos/credito_negocios_banamex.htm
17 https://tradingeconomics.com/mexico/inflation-cpi/forecast
18 See a similar value (8.0%) determined in an ESE study for Mexico City, 2017
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Table 6 Parameters for Financial Calculations
ID

Parameter

Value

Source

1

WACC

7.8%

See above calculations

2

Diesel Price

0.93 USD/l

Prices 07/201719

5

Electricity Price

0.09 USD/kWh

Average industrial price 6/2017 based on
SENER20

6

CAGR real oil price 20172030

2.5%

World Bank, 04/2017 has projected a price of 66
USD / bbl21; 07/2017 for 2030, the price was 48
USD / bbl22 in constant USD

7

CAGR real price electricity
2017-2030

0%

Based on SENER projection to 2027 in MXN
constants of 2012; SENER, 2013, Figure 4.3

8

CAGR real cost batteries
2015-2022

-22%

Based on projections by US DOE, 2017

The degree of availability of the bus is a factor that influences financial costs by requiring a larger reserve
fleet23. Therefore, this factor is considered in an equivalent bus calculation (a bus that can perform the
same level of service) with the following formula:

𝐶𝐴𝑃𝐸𝑋𝑒𝑞 = 𝐶𝐴𝑃𝐸𝑋𝐴 + ∆𝐶𝐴𝑃𝐸𝑋𝐷𝑖𝑠𝑝
where:

19

http://www.globalpetrolprices.com/Mexico/diesel_prices/ with an exchange rate of 17.7 MXN for 1 USD based on
https://www.oanda.com/currency/converter/
20 http://sie.energia.gob.mx/bdiController.do?action=cuadro&cvecua=IIIBC01
21http://pubdocs.worldbank.org/en/662641493046964412/CMO-April-2017-Forecasts.pdf
22 https://ycharts.com/indicators/average_crude_oil_spot_price
23 It has a minor impact on the required space of the yard (by larger fleet) and a slight increase in the residual value of
the bus due to having lower average annual mileage; those two effects are not considered. The OPEX is not
influenced by being calculated per km traveled assuming that all OPEX costs are variable according to mileage.
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CAPEXeq
CAPEXA
ΔCAPEXDisp

∆𝐶𝐴𝑃𝐸𝑋𝐷𝑖𝑠𝑝 =

CAPEX bus equivalent
CAPEX alternate bus
CAPEX differential due to bus availability
𝐶𝐴𝑃𝐸𝑋𝐴 𝐶𝐴𝑃𝐸𝑋𝐴
−
𝐷𝑖𝑠𝑝𝐴
𝐷𝑖𝑠𝑝𝐵𝐿

where:
ΔCAPEXDisp
CAPEXA
DispA
DispBL

CAPEX differential due to bus availability
CAPEX alternative bus
Degree of availability of alternate bus
Degree of conventional bus availability (baseline)

The marginal cost of CO2 reduction based on the NPV and cumulative CO2 reductions (under the TTW
methodology) is calculated. A calculation of the marginal cost of reduction without a discount factor is also
carried out.

2.5

Economic Criteria

The economic analysis includes the monetization of external benefits and costs. In this way, a monetary
value is assigned to the emissions of PM2.5, NOx, SO2 and CO2e. These values are taken from a
publication from the IMF International Monetary Fund (IMF) for Mexico. The values assigned to the
pollutants are calculated by the IMF and based on local levels of contamination at ground level, their
impact on health, and the costs associated by this type of contamination. This is based on the population
exposure to pollution and the way in which an increase in pollution increases mortality risks, using
response functions of the contaminant concentration of the World Health Organization. The highest
mortality risk or the value for premature death is valued economically based on studies of declared
preference carried out by the OECD. The cost of CO2 is expressed by the social cost of carbon (SCC).
The latter is an estimate of the economic damage associated with increases of CO 2 emissions. The
assessment of the economic damage of CO2 emissions is complex and highly dependent on discount
rates. All IMF values that are used are updated at 2016 USD prices.
The economic internal rate return (EIRR) is also determined. The social discount rate is used to calculate
the economic NPV. Calculations are always made on the CAPEX and OPEX differentials for a diesel bus,
plus the differential monetized environmental impact, that is, it is determined if the additional investment
in the bus is justified by the savings during its useful life. All calculations are made with real values
(constant USD) and not with nominal values, that is, inflation is not considered but only changes in values
and real prices.
The following table shows the parameters used for all calculations.

24

Alternative Bus Technologies

Table 7 Parameters for Economic Calculations
ID

Parameter

Value

1

Economic cost of PM2.5 emissions

226,920 USD/t

2

Economic cost of NOx emissions

1,750 USD/t

3

Economic cost of SO2 emissions

8,580 USD/t

4

Economic cost of CO2 emissions

40 USD/t

5

Social discount rate in real terms

10%

2.6

Source

IMF, 2014, Annex 4.2 (values
for México); USD 2010
converted to USD 201724
SHCP, 2016, point 31

Risk Criteria

For the risk criteria, a qualitative comparison is made in terms of risk parameters. For this purpose, two
types of risks are evaluated by technology:
Degree of bus technology availability based on operator experiences;
Existence of larger bus fleets with the use of technology as an indicator of the maturity of the
technology. As larger fleets are considered those that are not pilot fleets but fleets of at least 30-50
units that use the same technology in the same city.

2.7

Summary

The following table summarizes the different parameters by area analyzed by technology.

Table 8 Summary of Parameters Studied
ID

Parameters

Operating Conditions
1
Existence of different size buses
2
Maximum passenger capacity per bus
3
Influence of weather conditions on bus operation
4
Influence of slopes on bus operation
5
Bus operation flexibility
6
Bus range of operation
7
Local fuel availability
Environmental Criteria
8
Direct GHG emissions including electricity use (TTW)
9
Black Carbon (BC) Emissions expressed in CO2e
10 Indirect emissions of CO2e due to the use of fuels
11 Indirect emissions life cycle of the bus and its components qualitatively
12 Energy use
13 PM2.5 emissions
14 NOx emissions
15 SO2 emissions

24

Using http://stats.areppim.com/calc/calc_usdlrxdeflator.php
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16 Noise levels
Financial Criteria (with an without reserve fleet according to bus availability)
17 CAPEX
18 OPEX
19 FIRR and financial NPV
20 Marginal cost of reduction per ton of CO2 (based on TTW) with and without discount factor
Economic criteria (without and with reserve fleet according to bus availability)
21 Environmental benefits in monetary terms
22 EIRR and economic NPV
Risk Criteria
23 Average bus availability
24 Existence of significant fleets

3 Baseline Bus
The baseline bus is defined as the bus that would be purchased to operate in the corridor without
consideration of the environmental aspects of other technologies. In other words, it is defined as the
Business as Usual (BAU) technology. Buses currently or historically in operation in the city are not
considered, but new buses purchased to date, which must comply with the environmental regulations in
force in the country. This comparison includes 12m buses and 18m buses operating in trunks and in
mixed traffic. Availability of the same technologies can be also found in buses of 8, 10 or 14m, but there
are no significant differences in their comparative part with the bus sizes selected. No buses of 22-26m
nor double articulated buses have been included due to lack of availability and low level of experience of
these buses with the majority of technologies (also in diesel engines the double-articulated buses in
practice are adaptations of articulated buses with the same motor). The following table provides general
parameters of operation, which applies to all technologies as well as the general conditions of the
baseline bus that will be used for comparative purposes with alternative technologies.

Table 9 General Conditions of Operation

25
26

Paramter

Value

A/C
Slope
Average speed of operation
Maximum distance travelled per day per bus
Bus life span
Annual distance travelled
Average distance in operation days (320 days)

Yes
0%
18 km/h
300 km25
12 years or 1,200,000km
80,000 km26
250 km

Based on 80,000km per year and 90% minimum availability (see CDMX, 2016) with 20% additional reserve
Based on Metrobús
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Table 10 General Conditions of the Baseline Bus
Criteria

12m Bus

18m Bus

Passenger Capacity

80

160

Range of autonomy without fuel recharge

> 400 km27

> 400 km28

Gas

Diesel

Diesel

Euro

Category29

VI

VI

CAPEX30

240,000 USD

400,000 USD

Bus availability

95%

95%

The following table shows the baseline bus operation’s environmental parameters.

Table 11 Baseline Bus Environmental Impact
Parameter

12m Bus

18m Bus

Source

Diesel Consumption

42 l/100km

70 l/100km

Bus 12m BRT Bogotá; bus 18m
Metrobús

CO2 emissions TTW

1,129 g/km

1,882 g/km

Calculated

BC emissions in CO2e

1 g/km

1 g/km

Calculated with COPERT, 2016,
Tier 3

Emissions WTT CO2e

260 g/km

433 g/km

Calculated

Total emissions WTW incl. BC

1,390 g/km

2,316 g/km

Calculated

PM 2.5 emissions

0.006 g/km

0.008 g/km

COPERT, 2016, Tier 3

NOx emissions

0.934 g/km

0.736 g/km

COPERT, 2016, Tier 3

27

Fuel tank of approx. 220 liters
Fuel tank of approx. 380 liters
29 National requirement as of 01.2018 see http://transportpolicy.net/index.php?title=Mexico:_Heavy-duty:_Emissions
and demanded by Metrobús operators; see CDMX, 2016, Art. 14.III
http://data.metrobus.cdmx.gob.mx/docs/L7/CL7OL7SA.PDF
30 Metrobús information
28
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Parameter

12m Bus

18m Bus

Source

SO2 emissions

0.011 g/km

0.018 g/km

Calculated with fuel consumption

Environmental impact economic
cost - total emissions

0.048
USD/km

0.078
USD/km

Calculated with CO2 emissions
TTW

Economic cost environmental
impact - local emissions

0.003
USD/km

0.003
USD/km

Calculated

Bus fuel consumption fluctuates significantly within the same technology, size and type of bus. The
following graph shows performance differences between 12m and 18m buses operating in different BRTs
with comparable technologies, bus types and operating systems. The differences between the lowest and
highest performances are; 30% in buses of 18m, and 50% in buses of 12m which shows the importance
of using relative performances within the same city in order to determine the impact on fuel consumption
by type of technology.

Graph 4 Performance of Diesel Buses in BRT Systems
100
90
80

l/100km

70
60
50
40
30
20
10
0
Barranquilla

Bogota

Cali
18m

Guadalajara Johannesburg Zhengzhou
12m

Source: Grütter Consulting, based on monitoring information of the BRTs of each city; consumption averages of 2012-2014;
Euro III and IV buses

Given this reason, we do not compare absolute consumption of buses of different technologies from
different cities but differences in energy consumption. The following graph shows the steps taken.
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Image 3 Determination of Expected Consumption in Mexico for Different
Technologies

Source: Grütter Consulting.

4 Alternative Bus Technologies
The alternative bus technologies included below are those that have potentially lower GHG emissions.
Alternative fuels, such as biofuels or biogas, which can potentially be used in diesel or Compressed
Natural Gas (CNG) buses, are not included. The classification in alternative technologies and the types of
technologies included in the following table correspond to those used internationally, for example, from
the EU31, the IEA32 or alternative bus funders 33.

31

www.clean-fleets.eu; See Clean Fleets, 2014
See, for example, IEA, 2012
33 See, for example, Low Carbon Vehicle Partnership UK, 2017
32

29
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Table 12 Alternative Bus Technologies
ID

Technology

1

Gas Buses including Compressed Natural Gas (CNG) and Liquefied Natural Gas (LNG)

2

Hybrids including hybrid-diesel, hybrid-CNG and hybrid-LNG

3

Plug-in hybrids with diesel, CNG and LNG

4

Electric trolleybuses

5

Buses to Battery (BEBs) including those with battery exchange

6

Opportunity charging systems

7

Buses to hydrogen / cells

5 Gas Buses
5.1

Description of the Technology

Gas buses use Compressed Natural Gas (CNG), Liquefied Natural Gas (LNG) or Liquefied Petroleum
Gas (LPG). The three technologies requires gas station infrastructure.

Image 4 GNC buses in Basel, Switzerland and Medellin, Colombia

CNG buses are the most popular of the three available versions. The technology became popular in
many cities due to the fact that it had lower emissions than diesel buses prior to the Euro VI technology.
This was the reason why, for example, the city of Delhi completely changed its public transport system to
CNG by order of the Supreme Court34. Since there is no advantage or disadvantage in terms of local
emissions with Euro VI technology buses, several cities have recently returned to the use of diesel units
once they have used CNG units (for example, the city of Basel in Switzerland 35, Bremen in Germany or
Helsinki in Finland36). Likewise, countries with gas reserves have opted to use CNG because they

34

Narain, 2007, Appendix A
https://www.erdoel.ch/images/150602_Kommunal_Magazin.pdf
36 Clean Fleets, 2014, p. 12 y
35
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manage to have lower CNG prices than diesel prices, making the operation of CNG buses more profitable
than diesel buses. Original manufacturer CNG buses are available as well as buses converted from
diesel or gasoline units. CNG buses, by gas tanks (0.5-1 ton according to bus size37) have a slightly
higher weight than diesel buses, which may lead to a slight reduction in maximum passenger capacity;
however, it this is not significant and depends more on the bus manufacturer 38. The operating ranges are
slightly lower than diesel, but can be adapted to the operator's requirements, which is why they are not
considered a bus limitation. Height affects CNG buses more than diesel buses 39. At heights greater than
2,000m, the CNG bus loses 3% of maximum power for each 300m and, at 2,500m, loses 3% of its torque
for each 300m of higher altitude. That is to say that at the height of Mexico City the engine will have a 3%
lower maximum power without affecting the torque.
LNG buses are mainly used in China and to a lesser extent in the Unites States. Recently Indian
manufacturers have also started manufacturing LNG buses 40. In reality there are no specific LNG engines
and specific CNG engines: both are natural gas engines, but with differences in how the gas is stored and
how it is delivered to the engine 41. The LNG is converted to gas before being injected into the engine 42.
Large fleets of LNG buses operate several Chinese cities, including in Beijing and Zhengzhou. The
greatest advantage given between LNG buses versus CNG buses is found in the tanks they need to
reach the same operating range because LNG buses are smaller and lighter in size and lighter because
LNG has a higher energy density per unit volume. For the same reason, LNG is mainly used in heavy
trucks and not on buses where the operating range is not as critical. Otherwise LNG buses have
characteristics comparable to those of CNG buses. However, there are differences between upstream
CNG and LNG emissions and emissions caused by methane leakage. CNG bus engines are spark
ignited (SI) engines while LNG engines can be SI or high-pressure direct injection (HPDI) engines.
LPG buses are no longer used in large commercial fleets. There have always been limited cases of LPG
buses being used, with the Vienna fleet being the only large fleet of these buses 43. However, Vienna
replaced these buses since 2013 with conventional diesel, diesel-hybrid buses and electric buses 44.
According to Vienna’s experience, the LPG buses issued less NO x and PM, but in turn, when compared
to diesel engines, they had an energy consumption of 20-25% higher and 10% more CO2 emissions45.
With Euro VI buses the LPG buses no longer had advantages in local emissions while they had
disadvantages in GHG emissions. Likewise, the two cities in Romania that used LPG 46 buses do not plan
to renew the fleets with this type of bus, due to the increasing and high fuel consumption of the buses 47.
Due to the current disuse of LPG in large bus fleets and because they have the highest levels of GHG
emissions, LPG buses are not included in the following sections, that is, this type of bus is not considered
for environmental, financial and economic, and risk analysis.

37

See weight comparisons on the basis of diesel equivalence, Westport, 2013, p.26
See Clean Fleets, 2014; BVB (Basel bus operators); comparison Volvo B9L (bus 12m) and B9LA (bus 18m)
available as diesel buses and CNG buses with similar specifications for the CNG bus and diesel bus.
39 See NREL, 2015, p. 8 based Cummins Westport
40http://www.news18.com/news/auto/with-india-getting-its-first-lng-powered-bus-is-it-the-fuel-of-the-future-tatamotors-ajit-jindal-head-engineering-commercial-vehicles-interview-1311727.html
41 See Westport, 2013
42 https://www.afdc.energy.gov/uploads/publication/natural_gas_basics.pdf
43 MAN buses
44 http://derstandard.at/1363708384930/Neue-Wiener-Oeffi-Busse-stammen-von-Mercedes-Volvo-und-Siemens
45 Wiener Linien, p. 10; see: http://www.eltis.org/sites/eltis/files/case-studies/documents/hintergrundpapier_4.pdf: and
also: http://www.eltis.org/sites/eltis/files/case-studies/documents/betrieb_mit_fluessiggas_4.pdf
46 Buses Renault de 12m convertidos de diésel a LPG; ver http://civitas.eu/content/first-lpg-bus-iasi
47 Clean Fleets, 2014, p. 14
38
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5.2
5.2.1

Environmental Impact
GNC Buses.

Based on the differences in energy consumption of diesel buses that circulate in the same routes and
cities as CNG buses, the relative efficiency of CNG buses is determined. The following table shows this
comparison.

Table 13 Comparisons of Energy Consumption Diesel Buses and CNG Buses
City,
Country

Diesel bus
in
MJ/100km

CNG bus in
MJ/100km

% Increase
energy use
CNG bus

Comment, Source

Medellin,
Colombia

2,069

2,665

22%

12m Bus; Comparison between
buses in Bogota and Cali; 2014-15;
Source: BRT Operators

Medellin,
Colombia

2,831

3,159

10%

18m Bus; comparison between
buses in Bogota and Cali; 2014-15
Source: BRT Operators

Zhengzhou,
China

1,037

1,219

15%

Diesel hybrid and hybrid CNG 1012m bus; 2014-15; Source:
Zhengzhou Bus Communication
Company

Hengyang,
China

1,111

1,415

22%

Bus 10.5m; 2016; Source:
Hengyang Municipal Transportation
Group

Fuzhou,
China

1,401

1,584

12%

Bus 12m; 2016; Source: Fuzhou
Public Transport Group

Jinan, China

1,299

1,484

12%

Bus 12m; 2016; Source: Jinan
Public Transit Company

Beijing,
China

1,361

1,843

26%

Bus 12m; 2016; Source: Beijing
Bus Group

Average

15%

The NREL reports a 9%48 increase in energy consumption by gas buses, while the ICCT reports 15% 49.

48
49

Cited in MJB&A, 2012, p.5
ICCT, 2015, table 2
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The methane leak is determined based on an ICCT report that summarizes findings from different
sources. For this, the average value between the low range and the high leak rate is taken. The escape of
unburned methane is crucial because of the high GWP of CH 4. The vehicle leaks (these were included
within the TTW emissions) by the crankcase and by the exhaust pipe, estimating an average of 1.1% of
gas consumption. Leaks in gas pumps and well leaks are estimated at 2.3% of gas consumption and are
included in WTT emissions50. The following table summarizes the CNG bus emissions complying with
Euro VI.

Table 14 CNG Bus Euro VI emissions
Parameters

12m bus

18m bus

Sources

Gas consumption

51 m3/100km

85 m3/100km

Calculated based on the higher energy use
of CNG buses and the consumption of
diesel buses from Mexico’s baseline

TTW methane leak

112 gCO2e/km

187 gCO2e/km

Based on the average value of the ICCT,
2015; for leaks in the vehicle

GHG emissions
TTW

1,096
gCO2e/km

1,825
gCO2e/km

Calculated

Emissions of BC
expressed in CO2e

0 gCO2e/km

0 gCO2e/km

Calculated

WTT methane leak

235 gCO2e/km

392 gCO2e/km

Based on the average value of the ICCT,
2015; leakage water up

GHG Emissions
WTT

197 gCO2e/km

329 gCO2e/km

Calculated

GHG Emissions
WTW incl. BC

1,528
gCO2e/km

2,547
gCO2e/km

Calculated

Emissions PM 2.5

0.002 g/km

0.002 g/km

Based on Euro VI emissions, EEA, 2016

NOx emissions

0.597 g/km

0.597 g/km

Based on Euro VI emissions, EEA, 2016

SO2 emissions

0.000 g/km

0.000 g/km

Based on GN without sulphur

CNG buses have no advantages in local emissions with the exception of a lower level of SO 2 emissions
and lower noise in their engines when compared to diesel buses51. Compared to a diesel bus, each 12m
bus will reduce 0.8kg of SO2 per year, representing a monetary value of 7 USD, which is not significant 52.

50
51

ICCT, 2015, table 4
Clean Fleets, 2014, p.11
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The following graph shows the GHG relationship between CNG buses and diesel buses.

Graph 5 GHG Emissions CNG Buses and Diesel Buses Euro VI, TTW and WTW
incl. BC
3,000
2,500

gCO2e/km

2,000
1,500
1,000
500
0
12m

18m

12m

TTW

18m
WTW

diesel

CNG

Source: Grütting Consulting.

CNG bus emissions are nearly equal to those of diesel buses and 10% higher than diesel buses when
considering WTW emissions. It has been frequently mentioned that CNG buses also reduce GHG
emissions by having lower BC emissions. However, with Euro VI buses, the BC emissions of diesel buses
are the same as that of CNG buses and the greater use of energy and methane leaks that negatively
affect GHG emissions must still be considered. The following table shows the sensitivity analysis for the
result of a change in greater energy use and leakage emissions.

52

Calculated based on emissions differential per km of diesel bus and CNG bus of 12m, annual mileage and
monetary cost for each ton of SO2 emitted (see chapter 2 and 3 default values)
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Table 15 Sensitivity Analysis (12m Bus)
Parameters

GHG emissions TTW
CNG bus in% diesel
bus

GHG emissions WTW
GNC bus en % bus
diesel

50% greater difference in energy efficiency of
CNG bus compared to diesel bus

103%

117%

50% lower difference in energy efficiency of
CNG bus compared to diesel bus

91%

103%

50% higher emissions due to methane leakage

102%

123%

50% lower emissions due to methane leakage

92%

97%

Even with optimistic values of energy efficiency and methane leakage, CNG buses are not better in terms
of GHG under a WTW analysis and only marginally better to diesel buses with a TTW analysis.
Having no environmental advantages CNG buses are not considered as alternative buses or "Low
Carbon Buses (LCB)". As a result, the financial, economic and risk components of these buses will no
longer be analyzed. The non-consideration of CNG buses as LCBs also coincides with the analysis
carried out in several other countries and entities, such as the Low Carbon Vehicle Partnership UK that
do not include gas buses except if they use biogas, or the LCBs programs in China or Switzerland that
only include hybrids, electric and fuel cells 53. The Green Climate Fund (GCF) also considers CNG buses
as Business as Usual (BaU) and not suitable for fund financing since they do not have an impact on GHG
emissions reductions.

5.2.2

LNG Buses

The engines used for LNG buses are the same used for CNG buses and therefore there is the same
difference in energy efficiency when compared with both diesel engines and CNG engines.
The methane leak is determined based on an ICCT report that summarizes different sources. The
average value is taken between the low range and the high leak rate. In the case of LNG the leaks in the
vehicle (these were included within the TTW emissions) are given by the exhaust pipe and leaks in the
tank, in addition to those that occur in the process of loading the LNG, in turn there are no leakage
emissions from the crankcase. In total, emissions from methane leaks are comparable between LNG
engines and CNG engines54.
Due to the fact that the gas liquefaction process requires significant energy, WTT emissions are higher in
the case of LNG than in the case of CNG. The following table summarizes the emissions in LNG buses.

53

The new Low Emission Bus regulation requires to achieve at least 15% of GHG reductions in a WTW analysis
when compared to a Euro V diesel bus, as well as to achieve at least the Euro VI standard. The financing fund in the
United Kingdom at 3/2017 3,013 hybrid buses, 1,342 efficient diesel buses with electrified accessories, 180 electric
buses, 112 buses with biogas and 18 buses with fuel cells; LowCVP, 2017
54 ICCT, 2015, Chapter 2.2
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Table 16 LNG Euro VI Bus Emissions
Parameters

12m bus

18m bus

Gas consumption
(expressed as gas)

51 m3/100km

85 m3/100km

TTW methane split

112 gCO2e/km

187 gCO2e/km

Sources
Identical to CNG bus since they have the same
engine; compared to consumption values of
LNG buses and CNG buses in Beijing and Jinan
Based on the average value of the ICCT, 2015;
for leaks in the vehicle

GHG emissions TTW
Emissions of BC
expressed in CO2e

1,096 gCO2e/km

1,826 gCO2e/km

Calculated

0 gCO2e/km

0 gCO2e/km

WTT methane slip

235 gCO2e/km

392 gCO2e/km

Calculated
Based on the average value of the ICCT, 2015;
upstream leakage

GHG Emissions WTT
GHG Emissions WTW
incl. BC

318 gCO2e/km

530 gCO2e/km

Calculated

1,649 gCO2e/km

2,748 gCO2e/km

Calculated

PM2.5 emissions

0.002 g/km

0.002 g/km

Based on Euro VI emissions, EEA, 2016

NOx emissions

0.597 g/km

0.597 g/km

Based on Euro VI emissions, EEA, 2016

Emissions SO2

0.000 g/km

0.000 g/km

Based on GN without sulphur

As in the case of CNG buses, LNG buses do not have advantages in terms of local emissions, with the
exception of a lower level of SO2 emissions and less noise from their engines, compared to diesel buses.
The following figure compares the GHG emissions of LNG buses with those of diesel buses.

gCO2e/km

Graph 6 GHG Emissions for LNG Buses and Diesel Buses Euro VI, TTW and WTW
incl. BC
3,000
2,500
2,000
1,500
1,000
500
0

12m

18m

12m

TTW
diesel

18m
WTW

LNG

Source: Grütter Consulting.
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The emissions in LNG buses in TTW correspond almost to the same as those in diesel buses and 19%
higher to diesel buses when considering WTW emissions. In conclusion, LNG buses have more
disadvantages than CNG buses. Since there are no environmental advantages in terms of in local
emissions as well as in global emissions, LNG buses are not considered as alternative buses or LCBs.
For that reason, the financial, economic and risk components of these buses will no longer be analyzed.

5.3

Summary and Conclusions

Nowadays, gas buses do not offer significant local environmental benefits when compared to diesel
buses. In terms of GHG emissions they are no better than diesel buses and when considering WTW
emissions their performance is worse than that of Euro VI diesel buses. Therefore, gas buses cannot be
considered as LCBs and, consequently, an economic, financial and risk analysis for this technology is not
carried out.
The following graph also shows a trend in Europe to discontinue the purchase of gas buses.

Graph 7 Annual CNG Bus Registers in Europe

Source: http://www.eafo.eu/vehicle-statistics/buses/ng

6 Hybrid Buses
6.1

Description of the Technology

There are different types of hybrid buses, including serial, parallel and parallel-serial hybrids that use a
combination of the two types of drive systems. In addition, a distinction is made between the
"conventional" hybrid bus and the "plug-in" hybrid buses that allow electrical charging by an external
power supply.
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Image 5 Parallel Hybrid Configuration

Source: M. Garmendia, https://upcommons.upc.edu/pfc/bitstream/2099.1/4130/1/memoria.pdf

For the parallel hybrid bus, the combustion engine gives power to the shaft while an electric motor also
functions as an alternator that generates the power that charges the battery. The combustion engine and
electric motor are connected to the transmission and both can drive the vehicle independently. The
electric motor is designed to provide power during stop-and-go traffic, while at higher speeds the vehicle
is powered solely by the internal combustion engine. Also, through a process called regenerative braking,
the energy lost due to braking is recovered and used to charge the battery.

Image 6 Serial Hybrid Configurations

Source: M. Garmendia, https://upcommons.upc.edu/pfc/bitstream/2099.1/4130/1/memoria.pdf

In a serial hybrid bus there is no mechanical relationship between the internal combustion engine and the
drive shaft. A generator that charges the battery powers the engine, and the electric motors turn the
wheels of the vehicle. Since the engine is not connected to the wheels, it can be operated at optimum
speed and the engine can even be switched off for short periods of time for fully electric bus operation.
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Diesel-electric hybrids have been commercially available for more than fifteen years. The models are
being developed by a variety of manufacturers. Gas hybrid buses (CNG, LNG or LPG) operate in a similar
way to diesel-electric hybrids and are mainly used in China. Conventional hybrids use mostly super
capacitors, while plug-in hybrids use batteries55.

Image 7 Hybrid Buses

Source: Diesel-Hybrid in Bogotá, Colombia y en Lucerne, Switzerland

You can find very large commercial fleets of hybrids operating in the world, such as in multiple cities in
China with more than 500 hybrid buses in each city, more than 2,000 hybrids operating in London (more
than 20% of the fleet), in New York of 1,700 units of relatively old hybrids (the program began 15 years
ago56), and more than 300 units in Bogotá.
Hybrid buses are available in 12m and 18m (or in smaller or intermediate sizes) with passenger load
capacities and a total gross weight comparable to that of conventional diesel buses 57. They have the
same range of operation as conventional buses and do not require alternative charging systems
(conventional hybrids can not charge electricity). According to large fleet operators, hybrid buses can be
used on any route and under conditions equal to that of conventional diesel buses 58. It may be that the
energy savings in certain routes is greater than in other routes, but the differences are not very significant
and this also depends on the type of hybrid bus used.
It has been observed that hybrid buses are affected more than conventional buses in very hot climates
and / or when there is an intensified use of AC. In the same way, conventional buses use more fuel when
using AC; however, they are less affected than hybrids59. The following figures contrast the average

55

The capacitors act as an accumulator of energy, in a function similar to that of batteries. Because classical
capacitors are electrostatic, they can release their charge very quickly. The batteries are based on a chemical
process, which evolves more slowly. The batteries have a higher energy density while the capacitors can have a
higher power density.
56 NREL, 2008
57 See, for example, hybrid buses and standard buses used by TransMilenio of the same capacity or TfL London
comparing capacity and weight of hybrid buses with that of diesel buses (fleet online operational vehicle data
31/03/2017 by: https://tfl.gov.uk/corporate/publications-and-reports/bus-fleet-data-and-audits)
58 VBZ Zurich, Switzerland, which has a pilot fleet of hybrid buses, said it was not satisfied with the acceleration of
hybrid buses on a very steep slope route, which could cause difficulties in meeting operating hours.
59 On average hybrid buses in Zhenzghou are 25-35% more efficient than diesel units, while in the summer months
between July and August, the difference is only 10-20%.
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monthly temperatures in Zhengzhou with the specific fuel consumption of diesel buses and Euro IV 18m
hybrids, which operate on the same BRT trunk lines.
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Graph 8 Relationship of Hybrid and Diesel Buses in Zhengzhou according to
Environmental Temperature (2013)
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Source: Zhengzhou Bus Communication Company; calculations and management of operation data of the company
by Grütter Consulting; Database of> 100 hybrid buses and diesel buses; all buses of 18m with AC

6.2

Environmental Impact.

To determine the environmental impact, especially win regards to GHG, the reduction of fuel consumption
is crucial. There are fluctuations in consumption between operators, brands, routes and drivers, so the
results of pilot tests do not have much statistical validity in general. For this reason, the reduction of fuel
consumption by the use of hybrids in this report is based on measurements of large fleets that operate
hybrids on multiple city routes simultaneously. This way you can establish an average of reliable fuel
savings and that does not depend on the specifications of a single route. The following table shows
results of efficiencies achieved with hybrids in different cities and countries. The experience of New York
with hybrids has not been included since these are first and second-generation hybrids (models from the
years 2002-2005) as well as not having a fleet of comparative diesel buses (New York acquired the last
diesel bus in 1999), and later it only purchased CNG and hybrid buses) 60.

60

NREL, 2008
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Table 17 Hybrid-Diesel Fuel Savings Compared to Conventional Diesel Bus
City,
Country

Diesel Saving

London, UK

33% average
hybrid and 46%
with NBFL (New
Bus for London);
2-storey buses

Bogotá,
Colombia

23% 12m buses

Zhengzhou,
China

26% 12m buses
34% 18m buses

Hengyang,
China

13% 10.5m
buses

Fuzhou,
China

21% 12m buses

Jinan, China

16% 12m buses

Beijing,
China

13% 12m buses

Different
Cities in
Switzerland

23%

Average

23%

Comment

Sources

Based on dynamic tests using MLTB
(Millbrook London Transport Bus) London
test and confirming the results of the test with
consumption measurements in operation; 2
floor Euro V buses61;
TfL operates 3/2017 more than 2,500 hybrids
in a total fleet of about 9,600 buses62
12m Euro V buses; average savings per
operator, comparing for each operator Euro V
hybrid buses with Euro V diesel buses
("Padrones" buses); years 2014-2016;
Transmilenio operates more than 300 hybrids
Euro III and IV Buses years 2013-2014;
Zhengzhou operates at the end of 2016 more
than 4,500 hybrids of a total fleet of about
6,000 buses

Clean Fleets,
2014; case study
London; M.
Weston,
Operations
Director, TfL

Diesel hybrids and CNG Euro III and IV; the
city operates more than 600 hybrids; 2016
data
The city operates more than 300 Euro IV
hybrids; 2016 data
Diesel hybrids and CNG Euro IV and V; The
city operates more than 600 hybrids; 2016
data
The city operates more than 800 Euro IV
hybrids; 2016 data
Buses 12m Euro VI; average of different
cities with small fleets monitored by a GHG
reduction program; years 2015-2016

Transmilenio, 2017

Zhengzhou Bus
Communication
Company
Hengyang
Municipal
Transportation
Group
Fuzhou Public
Transport Group
Jinan Public
Transit Company
Beijing Bus Group
Grütter Consulting
with information
from public
transport
operators63

The following table shows the environmental behavior of hybrid buses.

61

TfL only has 18 hybrids of a 12m floor; more than 70% of the TfL fleet are 2 stories
https://tfl.gov.uk/corporate/publications-and-reports/bus-fleet-data-and-audits
63 Reports reviewed by an external verifier and by the Swiss Government within a program of domestic GHG
reductions.
62
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Table 18 Hybrid Bus Emissions-Diesel Euro VI
Parameter

12m Bus

18m Bus

Source

Savings in diesel consumption

23%

23%

Average of large fleets, see
previous table

GHG emissions TTW

870 gCO2e/km

1,449
gCO2e/km

Emissions of BC expressed in CO2e

0 gCO2e/km

0 gCO2e/km

GHG Emissions WTT

200 gCO2e/km

333 gCO2e/km

GHG Emissions WTW incl. BC

1,070
gCO2e/km

1, 783
gCO2e/km

Emissions PM2.5

0.002 g/km

0.002 g/km

NOx emissions

0.46 g/km

0.46 g/km

SO2 emissions

0.008 g/km

0.014 g/km

Calculated based on diesel
buses and savings in
consumption

The following table shows the annual environmental impact of a bus of 12m and 18m in relation to a
diesel bus.

Table 19 Annual Environmental Impact of a Hybrid Bus (relative to a diesel base
bus) (t / a)
Parameter

12m Bus

18m Bus

GHG reduction TTW
GEI WTW reduction incl. BC
PM2.5 reduction
NOx reduction
SO2 reduction

21
26
0.00004
0.01
0.0002

35
43
0.00004
0.01
0.0003

In terms of noise emissions, hybrid buses have approximately 3 decibels less compared to a diesel
bus64. The following graph shows the noise levels measured inside a bus when starting at a given stop,
and compares different measurements between diesel and hybrid buses.

64

Clean Fleets, 2014, p.27; see also Faltenbacher, 2011, p. 71
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Image 8 Noise levels inside a bus when leaving a stop
Diesel Bus

Hybrid Bus

(normal mode)

Hybrid Bus (electrical mode)

Source: Faltenbacher, 2011, Figura 30

Note that the hybrid bus performs better in the electrical mode, and slightly better in normal mode.
The following graph shows the noise of the bus in a measurement from the outside, also in the process of
starting the bus from a stop.

Image 9 Noise levels outside a bus when leaving a stop

Diesel Bus

Hybrid Bus

(normal mode)

Hybrid Bus (electrical mode)

Source: Faltenbacher, 2011, Figura 31

Also here the results are similar with an improvement in the electrical mode, but without substantial
differences in the normal mode.
The differences between hybrid buses and conventional diesel buses in lifecycle emissions in the
production phase are minimal. According to an analysis carried out by PE International on behalf of the
German Federal Ministry of Transport, in charge of Building and Urban Development, a hybrid bus has an
environmental impact 10% higher than a diesel bus in its production phase. The highest GHG emissions
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in this phase are offset by the fuel savings once 14,000 km in operation has been circulated, that is, in
relation to the total mileage of the vehicle in its useful life, these emissions are irrelevant 65.
A life cycle analysis based on the EIO-LCA model (Carnegie Mellon University, USA) reveals very
marginal differences in the environmental impact between a conventional diesel bus and a hybrid bus in
terms of GHG, PM10, NOx, SO2 and use of water in the production phase of the bus and its maintenance.
The environmental impacts of the construction and maintenance phase in all cases are much less than,
for example, the WTT emissions caused by the production of fuels, that is, they will not have any impact
on the total impact of hybrid bus emissions 66.

6.3

Financial and Economic Impact

The following table shows the additional investment for the purchase of a hybrid bus in different regions
and operators. More informative than the absolute CAPEX of the bus, it is the additional investment given
that the costs between buses of the same technology can vary greatly depending on the region of
purchase, bus / operator specifications and purchase volumes 67.

Table 20 Additional Investments for a Hybrid-Diesel Bus
City/Country/Region

12m
bus

Europa

35%

Washington, USA

40%

35%

New Flyer, Gillig, Schetky, Nova; equivalent to Euro VI;
Washington State Department of Enterprise Services

Zhengzhou, China

30%

25%

Euro V

Tianjin, China

25%

Diesel 12m Euro V

Jinan, China

35%

Diesel 12m Euro IV

Beijing, China

32%

Diesel 12m Euro IV

Average

18m
bus

Bus Brand
12m bus; average value of several operators; Euro VI

34%

Source: Bus operator purchase contracts and operator information

It is also potentially necessary to replace the batteries or the capacitor of the bus, making it clear that
there are variations in regards to the lifespan depending on the type of battery and manufacturer. On
average, a single replacement is calculated over the lifespan of 12-years for a bus. There are also
manufacturers (for example, Volvo) that offer the rental of the battery, making a charge for mileage. In
this way the initial investment is reduced, an investment is not necessary for its replacement, and the risk
for the operator is diminished since the manufacturer ensures the operation of the battery, performs its

65

Faltenbacher, 2011, p. 73ff
Ercan, 2015
67 For example, the same 12m hybrid Volvo model (manufactured in Europe for both countries) purchased by
TransMilenio operators in Bogotá (Euro V) and by operators in Switzerland (Euro VI) has a cost of investment
differential of USD 200,000 excluding taxes. In other words, the investment for the bus in Switzerland almost doubles
the investment for a hybrid bus of the same manufacturer and of the same model in Colombia.
66
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maintenance, and if necessary replaces the appliance. Volvo buses use Lithium-ion phosphate batteries
with an investment value of USD 40,000 per bus (in 2014), and with an estimated lifespan of 4 years 68.
For the lease of batteries, operators pay USD 0.15 per kilometer and the costs of battery replacement are
included in the financial calculations. However, it also includes the reduction in battery prices expected
according to the US-DOE estimate (see chapter 2.4). Currently, the average cost of a hybrid bus
replacement battery is USD 20,000 for a 12m bus, and USD 40,000 for an 18m bus with an estimated
lifespan of 6 years69.
The total maintenance costs are considered equal to that of diesel buses. The hybrids have higher costs
in the maintenance part of the propulsion system, but lower costs in the maintenance of the braking
system. The total cost of the hybrid is slightly lower or equal to that of a conventional diesel. This
calculation is based on global estimates of operators with large hybrid fleets such as TfL London, Jinan,
Hengyang, Fuzhou and Zhengzhou70 as well as comparisons of bus maintenance costs made by the
California Air Resource Board71 analyzing information available from King County Metro Transit (KCMT)
and the New York City Transit (NYCT). The following table shows the parameters and main results of an
investment in hybrid buses.

Table 21 Financial Profitability of Hybrids
Parameter

12m bus

18m bus

Comment

Bus availability

95%

95%

Same as diesel buses

Incremental cost of maintenance

0%
34% (USD
80,000)
USD 20,000;
6 years

0%
34% (USD
134,000)
USD 40,000;
6 years

Costs equal to diesel buses

Year 1 fuel savings

USD 7,200

USD 12,000

NPV of the incremental investment

USD -17,200

USD -30,500

Incremental cost per km

USD 0.02/km

USD 0.03/km

FIRR of the incremental investment

2%

2%

Marginal cost of reduction by tCO2

69

73

Marginal cost of reduction by tCO2
without discount factor

-47

-39

Incremental CAPEX bus
Cost and battery life

Annual reduction of the cost of
the battery according to table 6
Annual increase in the price of
fuel according to table 6

The following table shows FIRR sensitivity to changes in the main parameters.

68

IDB, 2013; this figure is obtained with an investment for a battery of USD 80,000, an average lifespan of 4 years,
an annual distance traveled of 80,000km and a WACC of 8%.
69 Information of operators in China on the cost of replacement batteries per kWh of battery (500 USD)
70 Information directly from operators
71 CARB, 2016
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Table 22 Sensitivity of FIRR of Hybrids
12m
bus

Parameter
FIRR base value
CAPEX variation bus ± 20%
Fuel saving variation ± 20%
Variation annual increase in the price of diesel 0% / double of the projected
value

2%
-1% /
7%
-2% /
6%
-1% /
6%

18m bus
2%
-1% / 7%
-2% / 6%
-1% / 5%

For positive cases (higher fuel price increase, higher savings or lower incremental CAPEX) the hybrid bus
is close to being profitable having a FIRR of 5-7% (WACC 8%). The following table shows the results of
the economic calculations of hybrid buses.

Table 23 Economic Profitability of Hybrids
Parameter

12m bus

18m bus

Economic value of GHG TTW reductions per year

830

1,390

Economic value of the reduction of local emissions per year

31

32

Total economic value of emissions reduction per year

860

1,420

Economic NPV

-16,000

-28,400

EIRR

5%

4%

In economic terms, the EIRR rate is positive but below the social discount rate of 10%.

6.4

Risk and Use of the Technology in Fleet.

According to large hybrid operators (TfL, operators in China such as Hengyang, Zhengzhou, Beijing,
Bogotá) the availability of hybrid buses is equal to that of diesel buses. The same is reported by the
California Air Resources Board in a behavior analysis of hybrid heavy vehicles (trucks and buses) 72. In
pilot fleets the availability is sometimes lower due to the lack of spare parts or long lapses for delivery of
spare parts. However, the main reason is due more to the use of a small number of buses of a different
technology to the existing one for the normal fleet.
There are multiple producers of hybrid buses (in Europe, USA, China, India, Brazil) and many cities that
operate fleets of more than 100 hybrid buses, including Bogotá, New York, London and multiple cities in
China. Likewise, there are many cities worldwide that have been testing hybrid buses for several years.
One indicator that the technology is already considered mature is that hybrid buses in China no longer
receive subsidies since 2014 (they received it from 2009 to 2013) while plug-in hybrid buses with an
extended range and electric buses still receive them today.

72

CARB, 2015
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6.5

Summary and Conclusions

The following table summarizes the criteria for evaluating hybrid buses.

Table 24 Hybrid Bus Summary
ID

Paramter

12m Bus

18m Bus

Operating Conditions
1

Existence of buses of different sizes

2

Maximum passenger capacity

3

Influence of climatic conditions

4

Influence of slopes

5

Bus operation flexibility

6
Bus operation range
7
Local availability of fuel
Environmental Criteria
8
Direct GHG emissions (TTW) in gCO2 / km
9
Black Carbon Emissions in gCO2e / km
10
Indirect emissions in gCO2e / km
11
Indirect emissions life cycle of the bus
12
Energy use in l / 100km diesel
13
Emissions of PM 2.5 in g / km
14
NOx emissions in g / km
15
Emissions of SO2 in g / km
16
Noise levels
Financial Criteria
17
CAPEX in USD
18 OPEX differential to diesel bus year 1 in USD
19
FIRR and financial VPN in USD
Marginal cost of reduction by tCO2 with /
20
without discount value in USD / tCO2 (TTW)
Economic Criteria
21
Environmental benefits monetized in USD / a
22
EIRR and economic VPN
Risk Criteria

73
74

23

Bus availability

24

Existence of significant fleets

Multiple
Multiple manufacturers
manufacturers
80 - equal to diesel
160 - equal to diesel
bus
bus
Slightly less fuel savings in very high or very low
temperatures due to the use of AC
Slightly lower acceleration and maximum speed
on steep slopes
Same as diesel buses; does not need additional
infrastructure
> 400km equal to diesel bus
Diesel; available in the country
870
1,449
0
0
200
333
No significant difference to diesel bus
32
54
0.002
0.002
0.46
0.46
0.008
0.014
3 decibels less than diesel bus
320,00073
-7,187
2% / -17,160

534,00074
-11,978
2% / -30,460

69 / -47

73 / -39

862
5% / -16,000

1,417
4% / -28,400

95% - equal to diesel
95% - equal to diesel
bus
bus
Multiple fleets in different continents with more
than 100 hybrid buses operating since several
years

34% additional to a diesel bus
34% additional to a diesel bus
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7 Plug-in Hybrid Buses
7.1

Description of the Technology

Plug-in hybrid buses are powered by a battery that is rechargeable from an external power source.
Similarly, they have an engine on board that also recharges the same battery. The operating time of the
bus in electric mode will depend on the characteristics of the route, the frequency of load and the
configuration of the vehicle and its energy systems. Plug-in hybrids exist in many configurations with
different ranges of electric mode, these depending on the size of the batteries and according to the
recharging system. They are frequently used in opportunity charging systems where they can potentially
operate up to 100% in electric mode (see next chapter). Contrary to hybrid vehicles, plug-in hybrids are
also generally found in the list of electric vehicles 75. It is considered a relatively new technology, but there
are already pilot projects in many countries (many of them related to opportunity charging systems) in
addition to being used in many Chinese cities (e.g., Shenzhen, Zhengzhou, Beijing, Hengyang, Fuzhou,
Jinan, Tianjin) where fleets operate with hundreds of plug-in hybrid buses since several years ago76. For
this chapter we describe the impact of plug-in hybrid buses that are not loaded in opportunity charging
systems.

Image 10 Plug-in Hybrid Buses

Source LNG and GNC plug-in hybrids in Zhengzhou, China

Plug-in hybrid buses are available in 12m and 18m (or in smaller or intermediate sizes) with passenger
load capacities and a total gross weight comparable to that of the conventional diesel bus. They have the
same characteristics as hybrid buses - they only differ in that they can be charged from an electric
network. The range of autonomous electrical operation without recharging depends on the size of the
battery. The recharge in the courtyard takes about 20-30 minutes.

75

See, for example, ZeEUS (Zero Emission Urban Bus System) of the European Union; ZeEUS, 2016 o IEA, 2016
Since 2016 the subsidy for plug-in hybrids in China depends on the range of autonomy of the bus in electric mode
using as an indicator the capacity of the battery according to bus size (previously the subsidy was fixed according to
bus size).
76
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Image 11 Plug-in Hybrid Bus Recharge Systems.

Source Zhengzhou, China

7.2

Environmental Impact

The environmental (and financial) impact on plug-in hybrids depends on the size of the battery and the
number of times the bus is recharged per day. That is why there is no fixed value in fuel or GHG savings.
The following table shows the main assumptions used for the environmental, financial and economic
calculations of plug-in hybrids.

Table 25 Plug-in Hybrid Cases
Parameter

12m bus

18m bus

Battery energy capacity77

40 kWh

60 kWh
1.5 times78

Number of network top-ups per day
Use of electricity in electric mode

1.2 kWh/km

2.3 kWh/km

Source: Based on operators of plug-in hybrid fleets in China, electric buses consumed in Gothenburg and
Luxembourg (1.05 and 1.1 kWh / km without AC, 70% electric) and electric buses of the same size (see chapter 9)

Based on an average daily circulation of 250 km (chapter 3) an average of an electric mode daily
circulation of about 30-40 km is reached while the rest is in hybrid mode. The following table shows the
environmental behavior of hybrid buses.

77
78

Minimum load to avoid damage to the 20% battery
Always in the night and half of the days in the off-peak period
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Table 26 Euro VI Plug-in Hybrid Bus Emissions
Parameter

12m bus

18m bus

Distance travelled in electric
mode by recharging batteries

41km

31 km

Savings in diesel consumption

36%

33%

Diesel and electricity
consumption per km

27 l/100km + 0.2
kWh/km

47 l/100km + 0.3
kWh/km

GHT emissions TTW

814 gCO2e/km

1,400 gCO2e/km

Emissions of BC expressed in
CO2e

0 gCO2e/km

0 gCO2e/km

GHG Emissions WTT

167 gCO2e/km

292 gCO2e/km

GEI Emissions WTW incl. BC

981 gCO2e/km

1, 692 gCO2e/km

Emissions PM2.5

0.001 g/km

0.002 g/km

NOx emissions

0.384 g/km

0.402 g/km

Emissions SO2

0.007 g/km

0.012 g/km

Source
Based on battery capacity,
minimum load of 20% and
average electricity
consumption
Based on the distance
electric mode and distance in
hybrid mode per day

Including electricity grid
emissions

Calculated on the basis of
diesel buses and
consumption savings

The following table shows the annual environmental impact of a 12m and 18m bus.

Table 27 Annual Environmental Impact of a Plug-in Hybrid Bus (relative to a
diesel baseline bus, t/a)
Parameter

12m bus

18m bus

GHH TTW reduction

25

39

GEI WTW reduction incl. BC

33

50

PM 2.5 reduction

0.0001

0.0001

NOx reduction

0.02

0.02

SO2 reduction

0.0003

0.0005

In terms of noise emissions, plug-in hybrid buses have a similar behavior to the hybrid bus at the start-up
in stations, while they behave similar to electric buses when they are driven in electric mode.
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7.3

Financial and Economic Impact

The following table shows the additional investment for the purchase of a plug-in hybrid bus.

Table 28 Additional Investment of a Plug-in Hybrid Bus
City/Country

12m
bus

Hengyang, China

73%

Diesel & GNC, 10.5m, Euro IV

Fuzhou, China

62%

Euro IV and V

Jinan, China

26%

Euro V

Beijing, China

71%

Euro V

Tianjin, China

49%

Euro V

Zhengzhou, China

70%

Average

18m
bus

53%

Bus Brand

Euro V

62%

Note: Comparison of a standard baseline bus with a plug-in hybrid bus of the same characteristics is not including subsidies
or purchase incentives;
Source: Public transport systems in cities, year 2017

The following table shows the main financial parameters of the recharge system.

Table 29 Recharge System Parameters
Parameter

Value

Comment

Investment by charger

USD 3,000

Average costs of Jinan, Tianjin and Zhengzhou,
dispenser with 2 nozzles (can load 2 buses
simultaneously or a bus is loaded with the two
nozzles at the same time), 50-60 kW charger;
Recharge time 20-30 minutes with 1 nozzle

Number of buses per
loader

Six 12m buses or four
18m buses

Based on a 50-60 kW charger with 20-30 minutes of
recharge time and a half-day recharge time of 2
hours

Charger life

20 years

In addition, for the bus it is necessary to replace batteries. On average, a single replacement is calculated
over the life of the 12-year bus. Maintenance costs in total are considered equal to those of normal diesel
or hybrid buses. The following table shows the main parameters and results of an investment in hybrid
buses.
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Table 30 Plug-in Hybrids Financial Profitability
Parameter

12m bus

18m bus

Bus availability

95%

95%

Incremental cost of maintenance

0%

0%

CAPEX incremental bus USD

150,000

250,000

CAPEX incremental infrastructure per bus USD

500

Cost and battery life USD

30,000; 6 year

Year 1 savings for USD fuel

9,800

1,000
60,000; 6
years
14,900

VPN of incremental investment USD

-59,400

-114,400

Incremental cost in USD / km

0.06

0.12

FIRR of the incremental investment

-3%

-5%

Marginal cost of reduction with / without discount value USD / tCO 2

196 / 73

247 / 134

The following table shows the sensitivity of the FIRR to changes in the main parameters.

Table 31 Sensitivity of FIRR Hybrid Plug-in
Parameter

12m bus

18m bus

FIRR base value

-3%

-5%

CAPEX variation bus ± 20%

-5% / 1%

-7% / -1%

Fuel saving variation ± 20%

-6% / 1%

-8% / -1%

Variation annual increase in diesel price (0 / double of the projected)

-6% / 1%

-8% / -1%

Even with optimistic assumptions of CAPEX investment difference or fuel savings, plug-in hybrid buses
are not financially profitable. The following table shows the results of the economic calculations of hybrid
buses.

Table 32 Economic Profitability of Hybrids
Parameter

12m bus

18m bus

Economic value of the GHG reduction TTW per year

1,011

1,543

Economic value of the reduction of local emissions per year

47

36

Total economic value of emissions reduction per year

1,058

1,579

Economic VPN

-58,004

-111,608
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EIRR

-1%

-3%

In economic terms, plug-in hybrid buses are also not profitable.

7.4

Risk and Use of the Technology in Fleet

According to large plug-in hybrids operators in China (e.g. Fuzhou, Hengyang, Jinan, Tianjin or
Zhengzhou, each city has more than 100 plug-in hybrids in the fleet) the availability of plug-in hybrid
buses is the same as that of conventional diesel or hybrid buses.
There are multiple producers of plug-in hybrid buses (the same ones as hybrid buses) and many cities
throughout China that operate plug-in hybrids fleets. There are also many cities worldwide that have
carried out tests with plug-in hybrid buses - many in opportunity charging systems (see next chapter). In
itself there is no marked difference between hybrid buses and plug-in hybrids, so their behavior is also not
fundamental. There are differences between different types of plug-in hybrid buses for the range of
electric conduction without recharging (relative to the size of batteries) and the way in which the bus is
recharged (opportunity charge or normal charge).
In China, normal hybrids are no longer sold since 2014, but only plug-in hybrids, since these are only
subsidized. However, the vast majority of cities do not load their plug-in hybrids, that is, they are given the
same use as a hybrid bus. The reasons are that the operators have not installed the charging systems,
operationally consider it too complicated to plug the buses for 20-30 minutes per night and potentially at
noon, and the electricity costs are high, which makes the operation in electric mode more expensive. In
addition, certain plug-in hybrid buses do not have an adequate battery management system.

7.5

Summary and Conclusions

The following table summarizes the criteria for evaluating plug-in hybrid buses..

Table 33 Summary Plug-in Hybrid Buses
ID

Parameter

12m bus

18m bus

Operating Conditions
1

Existence of buses of different sizes

2

Maximum passenger capacity

3

Influence of climatic conditions

4

Influence of slopes

5

Bus operation flexibility

6

Bus operation range

7

Local availability of fuel

Multiple
Multiple manufacturers
manufacturers
80 - equal to diesel
80 - equal to diesel bus
bus
Slightly less fuel savings in high or very low
temperatures due to the use of AC
Slightly lower acceleration and maximum speed
on steep slopes
Same as diesel buses; does not need additional
infrastructure
> 400km equal to diesel bus
Diesel and electricity; available in the country

Environmental Criteria
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8

Direct GHG emissions (TTW) in gCO2 / km

814

1,400

9

Black Carbon Emissions in gCO2e / km

0

0

10

Indirect emissions in gCO2e / km

167

292

11
12
13

Indirect emissions life cycle of the bus
Energy use in l / 100km diesel
Emissions of PM 2.5 in g / km

14

NOx emissions in g / km

0.384

0.402

15

Emissions of SO2 in g / km

0.007

0.012

16

Noise levels

No significant difference to diesel bus
27 + 0.2
47 + 0.3
0.001
0.002

3 decibels less than diesel bus

Financial Criteria
17

CAPEX in USD

18

OPEX differential to diesel bus year 1 in
USD

19

FIRR and financial VPN in USD

389,00079
-9,787

649,00080
-14,915

-3% / -59,392

-5% / -114,413

196 / 73

247 / 134

Marginal cost of reduction by tCO2 with /
without discount value in USD / tCO2 (TTW)
Economic Criteria
20

21

Environmental benefits monetized in USD/a

1,011

1,543

22

EIRR and economic NPV

-1% / -58,004

-3% / -111,608

Risk Criteria
23

Bus availability

24

Existence of significant fleets

95% - same as diesel
95% - same as diesel bus
bus
Multiple fleets in China with more than 100 buses
operating since several years

8 Opportunity Charging Systems
8.1

Description of the Technology

Opportunity charging systems are characterized by operating with plug-in hybrid buses or with electric
buses that are charged en route, either at recharging points throughout the bus circuit or at the first and/or
last stop. The following figure shows an example of such a system.

79
80

62% additional to a diesel bus plus 500 USD in infrastructure per bus
62% additional to a diesel bus plus 1,000 USD in infrastructure per bus
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Image 12 Example of an Opportunity Charging System

Source: Volvo Opportunity Charging System

There are multiple types of opportunity charging systems with variations in recharging time, amount of
recharged electricity, as well as bus types during trial periods in multiple countries in Europe, USA, Korea
and China, among others. For this reason, a description is given of the different systems currently in
operation for opportunity loading systems.

8.1.1

Barcelona.

Barcelona's opportunity charging system operates with articulated electric buses that are recharged at the
final stations of the route. The following table shows the characteristics of the pilot system that is being
tested with 2 buses.

Table 34 Barcelona Opportunity charging System
Parameter

Barcelone Case

Route features

7.5km route (one way, return 15km turn) with 1% slope on average with 5
minutes of progress between each bus

Bus features

Electric buses of 18m with AC, without heating and with 125 kWh of batteries;
consumption of 2.5-3.9 kWh per km

Features charging
system

2 points of rapid opportunity load in the whole turn (1 in each end station) with
pantograph of 400kW of power and a recharge time of 5 minutes enough to walk
100% electric in each route operating with more than 20% capacity reserve
batteries; slow recharge in the bus depot at night with 50kW and an approximate
duration of 3.5 hours

Source: ZeEUS, 2015.

8.1.2

London.

London's opportunity charging system operates with hybrid buses that are recharged at the final stations
of the route. The following table shows the characteristics of the pilot system that is being tested with four
buses.
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Table 35 London Opportunity Charging Systems
Parameter

London Case

Route features

11km route (one way) with 7-12 minutes of progress between each bus and a
requirement of 15-18 buses during peak hours depending on the day of the week

Bus features

Double-decker plug-in hybrid buses with a consumption of about 2 kWh in electric
mode

Features charging
system

2 points of rapid opportunity load in the whole turn (1 in each end station) with
inductive load in the floor of 60kW of power and a recharge time of 7 to 14 minutes
according to enough time to walk 40% in electric mode on average; slow recharge in
the bus depot at night

Source: ZeEUS, 2014a.

Image 13 Inductive Charging Systems

Source: ZeEUS, 2014a

8.1.3

Stockholm.

Stockholm's opportunity loading system operates with hybrid buses that are recharged at the final stations
of the route. The following table shows the characteristics of the pilot system that is being tested with 9
buses. Similar systems are in operation in Gothenburg, Luxembourg in addition to Charleroi and Namur in
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Belgium. The latter will have in October 2017 the largest system in Europe with about 90 hybrid buses
and 12 fast charging stations81.

Table 36 Stockholm Opportunity Charging Systems
Parameters

Stockholm Case

Route
Feautures

8.5km route (one way) with a requirement of 9 buses during peak hours

Bus Features

Charging
system
features

Plug-in hybrid buses of 12m with 9 kWh of usable energy in batteries; The buses
used in Luxembourg have a battery capacity of 76 kWh; the new generation from
2018 can have battery capacities of 150-250 kWh; Energy use of approx. 1.1 kWh /
km without AC or heating system operated by the diesel engine (5 l / 100km used for
heating)
2 fast-charge load points throughout the turn (1 in each end station) with 150kW and
3-6 minutes of recharge time. With each minute of charging the bus can travel
approximately 1km in electric mode; For electric buses, a 300kW system is used and
for 150kW hybrid buses. At night slow charging with 11kW and lasting 3-4 hours
(electric buses at 25kW).

Fuente:
ZeEUS,
2014b,
http://heliox.nl/heliox-charges-volvos-electric-buses-in-luxembourg,
http://www.abb.com/cawp/seitp202/998b8571f5c23198c12580c60045b738.aspx, Volvo (personal communication with E.
Jobson, 2017).

Image 14 Opportunity Charging Systems of Gothenburg and Luxembourg

8.1.4

Geneva.

In Geneva, an ultra fast charging system called "flash charging" with biarticulated electric buses has been
implemented: Trolleybus Power System Optimization (TOSA according to its French acronym)

81

https://www.smmt.co.uk/2017/02/europes-largest-single-operator-electric-bus-fleet-to-arrive-this-autumn/
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Table 37 TOSA System
Parameter

Geneva Case

Route features

12km route with 13 stations with 10 minutes of reach between
buses during peak hours (10,000 passengers per day)

Bus features

12 articulated electric buses using supercaps

Features charging system

13 ultra-fast charging stations with 600kW and 15-20 seconds of
charge. In total 3 charging systems in the final stations with a
charge of 4-5 minutes recharging the batteries completely with
400kW. In the deposit there are 4 slow bus loading stations with
45kW for about 30 minutes to cover the distance of the deposit at
the beginning of the route.

Source: http://new.abb.com/grid/technology/tosa and
partenariale-publique-privee-au-service-du-bus-du-futur

http://ge.ch/transports/actualites/tosa-ligne-23-cest-parti-lunion-

Image 15 TOSA System

There are multiple types of opportunity charging systems that are being tested or being used in specific
lines. However, they are systems still in test and no larger fleets of buses operating stably with recharging
system. Also the routes selected for recharging system are characterized by being short, in general with
relatively long distances between buses and with a limited number of passengers transported per day.
Basically, two opportunity charging systems are outlined:
1. The system that recharges the bus in final stations using hybrid or electric buses and operating
50-100% in electric mode according to the length of the route, type of bus and its electrical
consumption, battery capacity as well as recharge time in the final station. There is an opportunity
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loading system compatible with different makes and models of buses that can be used either in
electric buses or hybrid buses (OppCharge) 82.
2. Ultra-fast recharging system with short charges in each or every second station and a recharge of
a few minutes in the final station using electric buses.
When compared to electric buses, the main advantage in both system versions is a reduced need for
batteries, which results in a reduction in the space and weight required for them, thus allowing a greater
passenger capacity to be transported than is possible in a BEB. Similarly, when compared to a trolleybus,
the operation is possible without the need for overhead lines. With the use of hybrid buses there is
greater operating flexibility, as it is possible to use the same bus for other routes without recharging
systems and in turn reduce the cases of problems involving the recharging system.
In the case of systems operating with hybrid buses, the degrees of autonomy and flexibility are the same
as for diesel buses (however, the operation of the bus on another route without an opportunity loading
system will not have the same environmental impact) and with limited flexibility in the case of the use of
electric buses. The latter will have less autonomy than the battery buses (BEBs) in addition to having a
range of autonomy without quite limited recharging, understanding that the use of the bus will be
restricted for routes not equipped with fast recharge systems. Therefore, the flexibility of these buses or a
TOSA system is similar to that found in trolleybuses.
In the case of environmental, financial and economic impact, a comparison of two systems is made:
1. Case 1: Opportunity charging system with 19 hybrid buses of 12m comparable to the systems in
Luxembourg, Stockholm or Belgium83. The calculations are made based on a 12km route with 5
minutes of fast charging using a 150kW charger allowing an 8-9km electric route. For the night
the bus is loaded in the slow system.
2. Case 2: TOSA type system with 19 electric buses of 18m comparable to the Geneva system. The
calculations are made based on a 12km route with 13 ultra-fast charging stations and 3 fast
charging stations at the end allowing 100% electric travel.

8.2

Environmental Impact

The environmental impact basically depends on the system being used, that is, it depends on the degree
of driving in the electric mode. By charging less batteries and therefore less weight, the electric
consumption of opportunity cargo buses is slightly lower than the consumption of slow-charge BEB which
results in lower GHG emissions.
The environmental impact for the entire life cycle is comparable to either hybrid buses or electric buses
depending on the type of bus chosen. As mentioned earlier, when using less battery, the total
environmental impact will be less than that of BEBs without a fast recharge system. However, fast
recharging stations also need power storage batteries to avoid overloading the network with very strong
discharges generated in very short times.

8.2.1

System 1: Opportunity Charging for Hybrid 12m Buses

The following table gives the main characteristics of the system.

82

See https://www.oppcharge.org/
19 buses based on an average speed of 15km / h and an average waiting time of 6 minutes in the final stations, which gives a
total cycle time of 108 minutes; 6 minutes range; number of vehicles required at peak hour (PVR) = 108/6, additional 10%
reserve buses.
83
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Table 38 Features of Opportunity Charging System Option 1 (Buses 12m)
Parameter

Value

Source

Route distance (one way)

12 km

Assumed

Battery charging time

5 minutes

At the end and at the beginning of the journey

Distance in electrical mode
for each recharge

8.6 km

Calculated based on a charging time of 5 minutes with a
150 kW charger and 80% capacity

The following table shows the environmental impact of this opportunity charging system.

Table 39 Opportunity Charging Systems Emissions
Parameter

Value

Comment

Daily distance in electric mode

207 km (80%)

Based on full load at night and
recharge at the end and beginning of
the route

Savings in diesel consumption

87%

Diesel and electricity consumption per km

6 l/100km y 1.0
kWh/km

Based on daily distance of 250km, %
electric mode by fast recharge and
recharge at night

GHT emissions TTW

589 gCO2e/km

Including the emissions of electrical
production

Emissions of BC expressed in CO2e

0 gCO2e/km

GHG Emissions WTT

34 gCO2e/km

GEI Emissions WTW incl. BC

624 gCO2e/km

Emissions PM2.5

0.000 g/km

NOx emissions

0.079 g/km

Emissions SO2

0.001 g/km

Calculated based on diesel buses
and savings in diesel consumption

The following table shows the annual environmental impact by bus.
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Table 40 Annual Environmental Impact per Bus with Opportunity Charging
System Buses 12m (t/a)
Parameter

Value

GHG reduction TTW

43

GHG WTW reduction incl. BC

61

PM2.5 reduction

0.0002

NOx reduction

0.041

SO2 reduction

0.001

In terms of noise emissions, the system is comparable to that of an electric bus by operating 80% of the
distance in electric mode. Electric buses have a noise reduction of approximately 50% or 10 decibels 84.

8.2.2

Opportunity charging for 18m buses.

The following table shows the environmental impact of this opportunity loading system.

Table 41 Opportunity Charging system Option 2 (18m buses) Emissions
Parameter

Value

Daily distance in electric mode

250 km (100%)

Savings in diesel consumption

100%

Consumption of electricity per km

2.3 kWh/km

GHT emissions TTW

1,056 gCO2e/km

Emissions of BC expressed in CO2e

0 gCO2e/km

GHG Emissions WTT

0 gCO2e/km

GEI Emissions WTW incl. BC

1,056 gCO2e/km

Emissions PM2.5

0 g/km

NOx emissions

0 g/km

Emissions SO2

0 g/km

The following table shows the annual environmental impact by bus.

84

http://new.abb.com/future/de/tosa
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Table 42 Annual Environmental Impact of 18m buses by Opportunity Charging
System Buses (t / a)
Parameter in 18m buses (t/a)

Value

GHG reduction TTW

66

GHG WTW reduction incl. BC

101

PM2.5 reduction

0.0002

NOx reduction

0.048

SO2 reduction

0.001

In terms of sound emissions, the system is equal to that of an electric bus with a noise reduction of
approximately 50% or 10 decibels85.

8.3

Financial and Economic impact

Due to the lack of large commercial fleets and to design each system according to a specific route, the
prices of the different systems become very variable.
They are found when making a comparison with plug-in hybrid buses slightly higher costs for the bus type
in addition to additional costs for the opportunity load infrastructure that is distributed according to the
number of buses used in the route. The following table illustrates an example of such a system.

Table 43 Opportunity Charging Systems Additional Costs
Parameter

Value

Additional
costs case
1

2 quick recharge systems: USD 300,000
Cost of additional buses: USD 5,000

Additional
costs case
2

85
86

13 ultra-fast charging stations, 3 fast
charging systems and 4 slow-charging
systems: USD 13,500,000;
25% additional costs per bus; useful life of
the buses 15 years
Battery cost USD 60,000, useful lifespan
12 years

Comment
CARB estimates costs of USD 250,000 per
unit86; Landerl, 2017 estimates in Europe
costs of USD 230,000 per unit; CAPEX in
China based on built system 2017 in
Hengyang USD 100,000 without land
TFG, 2016 (TOSA system);
http://ge.ch/transports/actualites/tosaligne-23-cest-parti-lunion-partenarialepublique-privee-au-service-du-bus-du-futur

http://new.abb.com/future/de/tosa
https://www.arb.ca.gov/msprog/bus/4thactwgmtng_costs.pdf
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Parameter

Number of
buses on
the route

Value

Comment

19 buses

12km route, based on average speed of
15km / h; travel time of 48 minutes
(distance / speed) in each direction; final
stop time of 6 minutes giving a full cycle
time of 108 minutes; headway 6 minutes;
Peak Vehicle Requirement (PVR) = cycle
time / headway; additional 10% reservation

The following table shows the main parameters and results of an investment in opportunity load buses.
The investment in infrastructure is divided by the number of buses, in addition to being calculated with a
useful life of 20 years, with a proportional remaining value in year 1287.

Table 44 Financial Profitability of Opportunity Charging Systems

Bus availability

Case 1:
12m plug-in
hybrid bus
95%

Case 2: 18m
electric TOSA
system bus
95%

Incremental cost of maintenance

0%

10%

CAPEX incremental bus USD

154,000

100,000

CAPEX incremental infrastructure USD

16,000

711,000

Savings year 1 for energy USD

20,200

35,500

21,985

-271,814

11%

1%

Incremental cost in USD / km

-0.02

0.23

Marginal cost of reduction in USD per
tCO2 with / without discount factor

-42 / -236

274 / -99

Parameter

NPV of the total incremental investment
USD
FIRR of the total incremental investment

Comment
Same as diesel buses
Costs equal to diesel
buses for the hybrid
and trolleybus for the
TOSA system

Annual increase in the
price of fuel according
to table 6

Compared to electric buses, there are savings on buses because they make less use of batteries, but
there are additional costs for charging systems. Similarly, potentially fewer buses are required due to the
weight and space savings on the bus, which translates into increased passenger capacity. The relative

87

The same applies to the 18m electric bus
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profitability of the system will therefore depend on the frequency of the route and the number of buses
used. The following table shows the sensitivity of the FIRR to changes in the main parameters.

Table 45 Sensitivity of FIRR Opportunity Charging Systems
Parameter

Case 1: 12m plug-in hybrid
bus

Case 2: 18m electric TOSA
system bus

FIRR base value

11%

1%

CAPEX variation bus ± 20%

7% / 16%

1% / 1%

CAPEX variation infrastructure ± 20%

10% / 11%

0% / 3%

Total energy saving variation ± 20%

6 % / 16%

0% / 3%

Diesel price increase variation (0 / double)

6 % / 15%

-1% / 3%

In the system of opportunity loading with buses of 12m the financial profitability is still given changes in
the main parameters. In the case of the system with buses of 18m, the financial profitability is low even
with optimistic assumptions. The following table shows the results of the economic calculations.

Table 46 Economic Profitability of Opportunity Charging Systems
Case 1: 12m plug-in
hybrid bus

Case 2: 18m electric
TOSA system bus

1,729

2,646

115

137

1,844

2,783

Economic NPV USD

17,076

-306,019

EIRR

13%

2%

Parameter
Economic value of the GHG reduction TTW
per year USD
Economic value of the reduction of local
emissions per year USD
Total economic value of emissions reduction
per year USD

The 12m system is economically profitable while the 18m system currently lacks profitability.

8.4

Risk and Use of the Technology in Fleets

There are currently no large fleets that use opportunity cargo buses. You can find several lines in
operation (with all buses for opportunity load or only with some) but none with enough commercial
experience to see the real availability of the equipment and its probability of failure. However, systems
that use plug-in hybrid buses can be housed under the same degree of reliability and risk as hybrid buses
that also manage to operate in case of failures of the recharging system. Similarly, for systems that
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operate with electric buses, the reliability is comparable to that of BEBs (see next chapter) and, in the
case of TOSA, the reliability is comparable with trolleybuses by the use of a trolleybus adapted with a
supercap.

8.5

Summary and Conclusions

The system has to be designed according to frequency and distance of the route, waiting time in stations,
size and type of buses as well as number of buses.

Table 47 Opportunity Loading Systems Summary
ID

Parameter

12m bus

18m bus

Operating Conditions
1

Existence of buses of different sizes

2

Maximum passenger capacity

3

Influence of climatic conditions

4

Influence of slopes

5

Bus operation flexibility

6

Bus operation range

7
Local availability of fuel
Environmental Criteria
8
Direct GHG emissions (TTW) in gCO2 / km
9
Black Carbon Emissions in gCO2e / km
10
Indirect emissions in gCO2e / km

Multiple
Multiple manufacturers
manufacturers
80 - equal to diesel
160 - equal to diesel bus
bus
Up to 50% greater use of electricity in very high or
very low temperatures due to the use of AC
In electric mode significantly greater use of
electricity and lower speed on steep slopes
No limitations for
being a hybrid bus; to
operate in electric
Limited to routes
mode you need
equipped with quick
recharging system so
recharge systems
this application can
only be given on the
equipped routes
> 400km equal to
Limited to about 20km
diesel bus
Diesel and electricity; available in the country
589
0
34
No significant
difference to diesel
bus

1,056
0
0

11

Indirect emissions life cycle of the bus

Same as electric buses

12

Energy use in l / 100km diesel

6 + 1.0

2.3

13

Emissions of PM 2.5 in g / km

0.000

0

14

NOx emissions in g / km

0.079

0

15

Emissions of SO2 in g / km

0.001

0

16

Noise levels

10 decibels less than diesel bus
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Financial Criteria
17

CAPEX in USD

410,000

18

OPEX differential to diesel bus year 1 in
USD

19

FIRR and financial NPV in USD

11% / 21,985

1% / -271,814

20

Marginal cost of reduction by tCO2 with /
without discount value in USD / tCO2 (TTW)

-42 / -236

274 / -99

-20,206

1,211,000

-33,084

Economic Criteria
21

Environmental benefits monetized in USD/a

1,844

2,783

22

EIRR and economic NPV

13% / 17,076

2% / -306,019

Risk Criteria
23

Bus availability

24

Existence of significant fleets

95% - same as diesel
95% - same as diesel bus
bus
Multiple fleets in China with more than 100 buses
operating since several years

9 Battery Electric Buses (BEB)
9.1

Description of the Technology

Electric battery buses (BEB) are vehicles with electric motors and batteries which are loaded in the route
(see opportunity loading systems), these are exchanged during the day or they are loaded in specific
places in the day and / or in the night (see next table).

Table 48 BEB Systems
System

Description

BEB with charging
on the road

Small or medium quantity of batteries and fast recharge in the route (in
different stations and / or in the final station (s).) Requires special loading
infrastructure and can only be operated in the area where there are systems
Fast charging because it has a very limited range of operation This version of
BEB is discussed in the previous chapter.

BEB with battery
change

They have a range of autonomy and a quantity of medium batteries on board
that gives them approximately 50% of the required daily operating range.

BEB with fast and/or
slow charging

They have a range of sufficient autonomy to be able to operate part or all of the
day without recharging.
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Image 16 Charging Strategies

Source: Adaptado de Landerl, 2017.

9.1.1

Slow Charge

The basic characteristics of slow charging BEB at night is that the bus needs to carry a large number of
batteries to allow a daily range sufficient to cover all activities. This involves a high space requirement
and high weight due to the batteries, as well as a complex battery management system that extends over
the vehicle at different temperatures. On a 12m bus the typical battery capacities are of the order of 350450kWh to allow for an operating range of 200-300km. This results in an additional bus weight of 3-4
tons. The volume and weight of the batteries result in a reduction in passenger capacity of 20% or more
(either due to limited space or weight limitations per axle). The additional weight also results in increased
use of electricity. Slow night charging requires 4-6 hours of charging with 15-50 kW chargers. The main
investment is in the bus, with very low cost chargers or even part of the bus package. In terms of
operation, the BEBs can be used flexibly on different routes and loading is also easy in the depot. In
addition, the operator can potentially take advantage of lower electricity tariffs during periods of reduced
activity, thereby reducing energy costs.
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Image 17 Slow / Fast BEB Charging Systems

Source Tianjin, China

9.1.2

Fast Charging

Fast charging has grown in popularity due to the availability and lower prices of chargers with a rated
power of 300-500kW. Buses can be charged in 15-30 minutes from 20 to 100% depending on the
capacity of the bus battery, the charging unit and the number of bus outlets (generally 2 and some
models 4). The battery capacity of these buses is 100-200kWh and they are usually charged once during
the day with fast charge and with slow charge during the night. Battery capacity and therefore weight and
space requirements are halved compared to the first option, thus reducing costs. On the other hand, it is
necessary to invest in infrastructure. The electricity costs for fast charging during the day could also be
significantly higher depending on the time of charging - than slow charging at night. Fast charging
depending on the operation can be more complex as buses need to be recharged at the depot or near the
route using mobile chargers (used, for example, in Jinan). Buses will still have slightly reduced passenger
capacity (around 10%) compared to conventional units, but the reduction is significantly less than with
BEBs that operate only slow loading at night.

9.1.3

Battery Exchange Systems

Several Chinese cities have established battery exchange stations, e.g. Beijing, Jinan and Zhengzhou.
The buses have a capacity and battery configuration similar to that of fast charging. However, instead of
charging the batteries in the bus, they are removed by robots and replaced with new units. This takes
around 10-20 minutes, that is, a comparable time as fast charging. The battery exchange stations are
very expensive (cost per station for 2 buses of 3 MUSD 88), the buses must return to these stations and
the battery exchange systems are not standardized, so they are linked with certain producers. There is no
common protocol established and used by different manufacturers which reduces the flexibility of
operation of the system since the battery exchange station is linked to a specific manufacturer and type of
buses. The different cities that operate this type of system have not continued investing in battery
exchange systems due to the high cost of the exchange stations as well as the existence of fast charge
systems of 300-600 kW that allow charging a bus batteries in 15-30 minutes (many BEBs have 2 and up
to 4 loading entries which makes charging batteries even faster).

88

Cost of the station in Zhenzghou in 2013
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Image 18 Robotic Quick Exchange of Batteries System

Source Zhengzhou, China

It is estimated that 98% of electric buses currently circulate in China 89. Only in that country are fleets of
more than 100 BEBs already operating for several years in several cities, while in Europe or the US. In
the US, there are mainly pilot fleets with some units that are recently expanding to commercial fleets with
more than 20 or 30 buses.
For the first generation of BEB there was a considerable decrease in the interior space of the same since
the compartment of the battery was inside the bus thus reducing the capacity of passenger transport.
New generations of BEB have batteries in the ceiling or floor. However, most of the BEBs have a
passenger load capacity 10-15% lower than those buses equivalent in size, this is caused by space
restrictions or by their total weight.

Image 19 BEB in Different Cities

89

ZeEUS, 2016
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Source Shenzhen, Tianjin, Jinan, Fuzhou, Beijing

BEB fleets with range of autonomy of more than 100km or more are in most buses of 12m or less. In
Beijing, a fleet of 660 BEBs of 14m of 2 floors has been operating for a year. The articulated BEBs of 18m
are used in the opportunity loading system or exist as pilot buses (see photo: 18m pilot bus tested in
Bogotá) for which there is still no significant experience in commercial operations.

Image 20 BEB 18m BYD

As mentioned above, the 18m BEB are not included for a more detailed analysis due to the lack of
commercial experience in operation. However, BEBs with 18m have been included in opportunity loading
systems while there is commercial experience in the trolleybus operation of 18m or more. Likewise,
battery exchange systems are not included because they are limited in their manufacturers' flexibility.
Therefore, in the following sub-chapters the concentration is given in 12m BEB with fast charge during the
day (if necessary) and slow charge at night.

9.2

Environmental Impact

The following table reflects results of energy consumption of 12m BEB. There is a significant fluctuation in
consumption, in terms of buses, route and weather conditions with the results of consumption in pilot
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tests reported between 1 and 2.6 kWh per km90. The consumptions reported below refer basically to
larger fleets and average consumptions on different routes and in total of the year. However, for the
definition of the minimum number of buses required or the minimum operating range required to operate
a specific route, it should be calculated with the maximum consumption of the year (for example, in the
hottest season) or, as an alternative, complement for this time the fleet with conventional buses.

Table 49 Electricity Consumption of 12m BEB with AC
City, Country

Consumption
kWh / km

Zhengzhou, China

1.1 kWh/km91

Fuzhou, China

1.0 kWh/km92
Min: 0.88
Max: 1.26

Beijing, China

1.2 kWh/km

Europa, pilots

1.6 kWh/km

California, USA

1.3 kWh/km

Average

1.2 kWh/km

Comment
They are not used
completely in summer
months; 110 BEB
They are not used on
sloping routes; 210 BEB;
average 220 kWh battery
They are used in all routes
that are not very long
Muenster, Germany 1.8
kWh / km; Rotterdam,
Netherlands 1.4 kWh / km;
Mannheim, Germany
between 1.2 and 2.0 kWh /
km; Dresden, Germany
between 1.3 and 2.1 kWh /
km;
Foothill Transit with 12 BEB
measured from 04 / 201412 / 20156

Source
BRT Zhengzhou, 2016
Fuzhou Public Transport
Group, 2017
Beijing Bus Group, 2017

Landerl, 2017; ZeEUS,
2014c; Rieck, 2014

NREL, 2017ª

90

Landerl, 2017
El consumo de buses diésel del mismo tamaño en la ciudad es de 38.4 l/100km o sea el BEB consumo 28% de la
energía (en MJ) del bus diésel. Aplicando la misma relación al consumo de la línea base diésel de buses de 12m da
un rendimiento esperado de un BEB en México de 1.2 kWh/km
92 Consumo de buses diésel de 12m en Fuzhou de 38.6 l/100km lo que da un rendimiento esperado en México de
BEBs de 1.1 kWh/km
91
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As mentioned above, the performance of the BEB becomes very sensitive to weather conditions.
Consumption can be up to 50% higher in very hot seasons with high AC use or in times of high cold and
high heating use. The following graph shows the consumption of 12m BEBs in Fuzhou, China for one
year.

Graph 9 Performances of BEB in the Years 2016-2017
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Source: Monitoring of the consumption of a fleet of 210 BEBs of 12m in Fuzhou from 7/2016 to 8/2017; Fuzhou Public
Transport Group, 2017

The following table shows the environmental performance of BEBs.

Table 50 12m BEB emissions
Paramter

Value

Average electrical
consumption

1.2 kWh/km

GHG emissions TTW / WTW

531 gCO2e/km

Emissions PM 2.5

0 g/km

NOx emissions

0 g/km

Emissions SO2

0 g/km

Note: Only engine emissions are considered; GHG includes emissions from the production of electricity; emissions from
local pollutants do not include emissions caused by the production of electrical energy from pollutants

The following table shows the annual environmental impact of a 12m bus when compared to a diesel bus.
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Table 51 Annual Environmental Impact of a 12m BEB (relative to a diesel base
bus, in t / a)
Parameter

Value

GHG reduction TTW

48

GHG WTW reduction incl. BC

69

PM2.5 reduction

0.0002

NOx reduction

0.048

SO2 reduction

0.0008

In terms of noise emissions, the BEB have emissions of about 10 decibels or 50% less than those of
diesel buses93. A comparative measurement in Germany of a Euro VI diesel bus with a BEB revealed a
difference of 16 dB for the stop (bus start time) and 8 dB during the bus path 94.
When considering the lifespan emissions of a BEB, the type of battery used and the assumptions, for
example, source and form of extraction of raw materials used, are greatly influenced. Also influences the
use that is given later to batteries. In the case of China, for example, the batteries used in the buses are
repurchased (if they were not always the property of the manufacturer) and used as reservoirs of fixed
energy, for example, to balance differences in use and generation of renewable energy. The batteries can
be used without problem another 20 years for this function because they still manage to retain more than
50% of their capacity while for vehicles the batteries are removed if their holding capacity drops by 7080%95.
The difference in lifespan emissions in the production phase of BEB to conventional diesel buses is
minimal. A life cycle analysis based on the EIO-LCA model (Carnegie Mellon University, USA) reveals,
between a conventional diesel bus and a BEB, marginal differences in the environmental impact on GHG,
emissions of PM10, NOx, SO2 and the use of water in the bus production phase and its maintenance. The
environmental impacts of the construction and maintenance phase in all cases are much lower than, for
example, the WTT emissions caused by the production of energy96.

93

http://new.abb.com/future/de/tosa
Base noise level: 50 dB; at startup time 56 dB BEB versus 72.5 dB diesel; at startup time 65 dB BEB versus 73 dB
diesel; http://news.emove360.com/public-comparison-e-bus-much-quieter/?lang=e
95 Fuente: BYD
96 Ercan, 2015
94
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Image 21 Bus Life Cycle GHG Emissions

Source: Ercan, 2015, figure 4

Image 22 Bus Lifes Cycle Pollutant Emissions

Source: Ercan, 2015, figure 6
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Image 23 Bus Life Cycle Water Use Emissions

Source: Ercan, 2015, figure 5

The study by Cooney (2013) also confirms that the main emissions of BEB, in terms of GHG, are
produced by electricity generation and not by the manufacture of the bus and its batteries, where diesel
buses and BEBs are comparable.

9.3

Financial and Economic Impact

The following table shows the additional investment for the purchase of a 12m BEB.
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Table 52 12m BEB Investment (USD)
City, Country

Diesel

BEB

Additional
Investment

Comment

Fuzhou, China

85,000

250,000

294%

High floor with AC and automatic box; 70
passengers capacity; 230 kWh of battery
with operating range of 120-180km (with
and without AC); Battery warranty for 8
years; Diesel Euro IV; 2015; Source:
Fuzhou Public Transport Group

Tianjin, China

91,000

303,000

233%

BUS WITH 329 kWh battery, 2016,
Tianjin Bus Group

Beijing, China

133,000

303,000

128%

102 kWh of battery; 2017, Beijing Bus
Group

Piedmont, Italy

250,000

470,000

88%

Washington, USA

440,000

880,000

100%

Average Value

Purchase of 19 BEBs; min. range
170km; price 2016; Source: SPP
Regions, 2016
Ground floor; average Green Power,
Proterra, BYD; 5 years warranty for
batteries

128%

Note: Comparison of a standard baseline bus with a bus with the same BEB features without subsidies or purchase
incentives.

Manufacturers generally guarantee a service lifespan of 5-8 years for batteries. Based on this useful life,
a calculation is made for a replacement of the batteries after 6 years of use on average, calculating that
each one approaches a cost of 125,000 USD. In the case of battery replacement, it is calculated with the
remaining value of the used batteries together with the updated costs of the batteries for the technological
development. Investment should also be made in battery charging systems. For a battery charge of 300
kWh, in addition to the expected performance, 200km can be expected to circulate. Buses with longer
routes should recharge during the day (leaving an estimated charging time of 1 hour) in order to fulfill their
daily work, this requires a 150-300 kW fast charging system. In addition, a slow charging system should
be in place for all buses at night. The following table shows the estimated costs of charging systems
without land or design costs.

Table 53 Investment other elements of 12m BEB
Parameters

Unit

Value

Slow charging station 30-60 kW
(cost per 1 unit)

USD

3,000

USD

100,000

Bus/unit

1

Fast loading station of 300kW
(cost per unit)
Number of buses per slow
charger

Source
Average CAPEX in Zhengzhou, Jinan,
Tianjin; charger with 2 dispensers;
Europe 5-25,000 USD (Landerl, 2017)
Fuzhou 81,000 USD; Europe 100250,000 USD (Landerl, 2017)
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Number of buses per fast
charger

Bus/unit

0.25

Loading of 100 kWh in 30 minutes, 2h /
d of off-peak availability for loading

Useful life infrastructure

Years

20

CARB, 2017

Replacement batteries bus

USD

125,000

Residual value of the battery

%

20%97

Set of 250 kWh of batteries at 500
USD / kWh
BYD, use for stationary applications

In terms of maintenance there is a very large variation of estimates, ranging from half the maintenance
costs of a diesel bus to being higher than the maintenance costs of a diesel bus98. In theory, the
maintenance costs of BEBs must be well below diesel buses because they have fewer moving parts.
However, in practice there are components that make maintenance more expensive, especially in more
qualified personnel and therefore better remunerated and spare parts with high prices due to the low
demand in a small market of spare parts for this type of buses.
The operators of large fleets of BEBs have noticed a 20% reduction in the mileage performance of the
BEB tires compared to diesel buses due basically to the greater weight of a BEB 99. Likewise, BEBs
experience a greater number of failures, resulting in a greater number of days needed for repair
purposes. In the medium term maintenance costs should be lower than diesel buses; however, at present
the BERs still do not have the real level of costs expressed by the manufacturers.
The availability of BEBs is not yet at the level of diesel buses. Although technically the drive system is
simpler, there are multiple problems with the battery management system as well as problems with bus
elements that are not directly related to the electrical parts but, for example, AC system failures, door
failures, suspension failures, among others. Likewise, in the case of repairs, the bus remains in the
workshop for a longer period of time because there is no availability of spare parts in stock, due to the
absence of a local spare parts market for which it is necessary to wait for the manufacturer's delivery. The
availability of the BEB is estimated 5% less by the CARB (2017) 100, up to 20% lower by the VDV of
Germany101 while in Fuzhou with a fleet of more than 200 BEBs there were records of 40 cases of faults
on average for each BEB during the year versus 37.4 for diesel buses, that is, 1% less availability102.
The following table shows the main financial results of a BEB.

Table 54 Financial Profitability of a 12m BEB
Parameters

Value

Value adjusted for
5% less bus
availability

Value with
50,000km / a of
travel103

97

of the value of new batteries at the time of sale
See Landerl, 2017 with a range of 50% to 100%; CARB, 2016 estimates on average 30% lower maintenance costs
(see CARB, TCO), Fuzhou 20% lower maintenance costs, Tianjin 20% higher maintenance costs
99 For example, Tianjin with 1,350 BEBs of 10.5 and 12m from 2013
100 Based on Foothill Transit with 8 BEBs of 12m and a degree of availability of 90% between 2014-2016 (NREL,
2017, Table ES-1)
101http://www.n-tv.de/wirtschaft/Elektrobusse-bleiben-Randerscheinung-article19739046.html
102 The value close to the diesel bus is largely due to the fact that the city operates a large fleet of BEBs from a
traditional bus manufacturer (King Long) that has its headquarters close to the fleet operator, so there is sufficient
availability of technicians and of spare parts.
103 Base value 80,000km/a
98
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Incremental CAPEX bus

128%

141%

128%

CAPEX incremental bus in USD

307,000

339,000

307,000

CAPEX incremental infrastructure USD

28,000

28,000

28,000

Total incremental CAPEX USD

335,000

367,000

335,000

Year 1 savings for energy in USD

22,900

22,900

14,300

Save annual maintenance in USD

1,600

1,600

1,000

Incremental investment VPN (bus plus
infrastructure) in USD

-109,000

-138,000

-192,000

Incremental cost in USD / km

0.11

0.14

0.20

FIRR of the incremental investment

0%

-2%

-8%

Marginal cost of reduction by tCO2 with /
without discount factor in USD / tCO2
(TTW)

189 / 7

241 / 63

536 / 388

The actual availability rate results in a 2 percentage point drop in the BEBs' FIRR rate, a factor that
becomes important is that BEBs are used on short routes that generally lead to an accumulated mileage
of less than 50,000km per year. In this case FIRR falls to -8% with higher mileage costs of about 20 cents
USD. The following table shows the sensitivity of the FIRR to changes in the main parameters.

Table 55 Sensitivity of FIRR for BEB
Paramter

Value

FIRR base value
CAPEX variation bus ± 20%

0%
-3% / 3%

CAPEX variation infrastructure ± 20%

0% / 0%

Electricity use variation ± 20%
Variation annual increase in the price of diesel (0 / double of what was
projected)
Variation in maintenance savings (same as diesel, 50% of the diesel bus)

-1% / 1%
-4% / 3%
-1% / 3%
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In all cases, the financial profitability of the BEBs is not currently given; that is to say, there are costs in
the totality of their useful life considerably greater than the costs of conventional buses.
The following table shows the results of the economic calculations of a BEB.

Table 56 Economic Performance of a 12m BEB (USD / a)
Value

Value adjusted for
5% less bus
availability

Value with 50,000km
/ a of travel104

1,914

1,914

1,914

133

133

133

2,047

2,047

2,047

Economic VPN

-111,260

-140,328

-185,426

EIRR

1%

-1%

-6%

Parameters
Economic value of the GHG
reduction TTW per year
Economic value of the reduction of
local emissions per year
Total economic value of emissions
reduction per year

Also in economic terms the BEB has a negative return and well below the social discount rate of 10%.

9.4

Risk and Use of the Technology in Fleets

The availability of BEB was discussed in the previous chapter and depends to some extent on the size of
the fleet.
There are multiple producers of 12m or smaller BEBs. However, only manufacturers in China have
experience at the scale of large fleets. The same is true for operators: outside of China, BEB are mainly
pilot fleets (the largest fleet outside of China is in London which will have a total of 170 electric units 105 by
the spring of 2018). In China however, there are multiple cities where the operation of BEBs ranges from
more than 100 to more than 1,000 units (Shenzhen being the city with the most BEBs). However, the
experience has been limited, mainly, to 12m buses, although in some cities, for example, Beijing with
almost 700 units, there are 14m, 3-axle and two-story BEBs. Articulated BEBs are not used in fleets at
the moment.
An important aspect is that in practice, because of their range limitations, BEBs are used for short routes,
with little slope and with a moderate influx of people. The following graph shows, from different cities, the
average circulated mileage of BEBs versus conventional buses of the same size.

104

Base value 80,000km/a

105https://tfl.gov.uk/info-for/media/press-releases/2017/july/tfl-and-the-mayor-announce-more-fully-electric-bus-routes-

to-cut-toxic-emissions
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Graph 10 Annual Mileages of BEB Buses versus Conventional Buses
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Source: Grütter Consulting based on data from Fuzhou, Jinan, Beijing, Zhengzhou (each city with > 100 BEBs)

9.5

Summary and Conclusions

The following table summarizes the characteristics of 12 m BEBs.

Table 57 Summary 12m 250 kWh Battery BEB
ID

Paramter

12m Bus

1
2

Existence of buses of different sizes
Maximum passenger capacity

3

Influence of weather conditions

4

Influence of slopes

5

Bus operation flexibility

6
7
8
9
10

Bus operation range
Local availability of fuel
Direct GHG emissions (TTW) in gCO2 / km
Black Carbon Emissions in gCO2e / km
Indirect emissions in gCO2e / km

Basically 12m and less
10-15% less than diesel buses
Strong influence with consumption up to 50%
higher in very hot or very cold months
Strong influence with difficulties and high
consumption on steep slopes
Similar to diesel bus, but you should have
recharging station nearby
Approx. 150km without recharging
Yes
531
0
0
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ID

Paramter

12m Bus

11
12
13
14
15
16
17
18
19

No significant difference to diesel bus
1.2
0.0
0.0
0.0
10 decibels lower than diesel bus
575,000
24,500
0% / -108,806

21
22
23

Indirect emissions life cycle of the bus
Use of electricity in kWh / km
Emissions of PM 2.5 in g / km
NOx emissions in g / km
Emissions of SO2 in g / km
Noise levels
CAPEX (bus + infrastructure per bus) in USD
OPEX differential to diesel bus year 1 in USD
FIRR and financial VPN in USD
Marginal cost of reduction by tCO2 with /
without discount value in USD / tCO2 (TTW)
Environmental benefits monetized in USD / a
EIRR and economic VPN
Bus availability

24

Existence of significant fleets

20

189/7
1,194
1% / -111,260
90% - 5% less than diesel bus
In China fleets > 100 BEBs in more than 20
cities

10 Trolleybuses.
10.1 Description of the Technology
The trolleybus is a well-known technology and currently used in different countries 106. The electric
trolleybuses have for emergencies in the system and for regular operation in areas without catenaries a
set of batteries that supply electricity for a certain distance. The use of trolleybuses is given again with
greater momentum in different countries of the world. There are trolleybuses of 10-12m, articulated of
18m or biarticulated of 24-26m.

Image 24 12m and 25m Trolleybus

Source Lucerne, Switzerland and Beijing, China

106

For a list of cities see http://www.trolleymotion.eu/www/index.php?L=3&id=36&land=all
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The trolleybuses have no problems in their range of operation or on steep slopes. Nor are they affected
by very cold or very hot climates. However, they have a limited range of operation without catenaries that
can be extended according to the battery incorporated in the trolleybus. Typically an electric trolleybus
has an electric battery from 20 kWh to 60 kWh, which gives it a range of autonomy without catenary of
about 10-20 km. The trolleybuses have less vibration and their components allow a technical life of the
bus of 15-20 years without problems107.

10.2 Environmental Impact.
The environmental impact in terms of local emissions and noise emissions is the same for both
trolleybuses and BEBs. Considering the emissions for the whole life cycle, in trolleybuses there are fewer
potential problems due to the lower quantity of batteries required for their use. The impact on GHG
emissions is dependent on the electricity consumption in the trolleybuses, which is also comparable with
BEB buses (see the following table).

Table 58 Trolleybuses Power Consumption in kWh / km
City, Country

12m

18m

Source

Jinan, China

1.26 kWh/km

---

Con AC; Jinan Public Transit Company, 4
lines, 2017

Beijing, China

1.2 kWh/km

---

Beijing Bus Group, 2017

Zhengzhou, China

1.19 kWh/km

---

Con AC; Zhengzhou Bus Communication
Company, 3 líneas, 2014

Lucerne,
Switzerland

---

2.4 kWh/km

Verkehrsbetriebe Luzern, 2015

Quito, Ecuador

---

2.2 kWh/km

Sin A/C 1.7 kWh/km; EPMTPQ

Average

1.20 kWh/km

2.3 kWh/km

The following table shows the environmental performance of trolleybuses.

Table 59 Trolleybus Emissions
Parameter

12m

18m

GHG emissions TTW and WTW

550 gCO2e/km

1,056 gCO2e/km

PM2.5 Emissions

0 g/km

0 g/km

NOx Emissions

0 g/km

0 g/km

SO2 Emissions

0 g/km

0 g/km

Note: Only engine emissions are considered; GHG includes emissions from electricity production; emissions of local
pollutants do not include emissions caused by the electrical production of pollutants.

107

Clean Fleets, 2014; VBZ, Switzerland

82

Alternative Bus Technologies

The following table shows the annual environmental impact of a trolleybus compared to that of a diesel
bus.

Table 60 Annual Environmental Impact of a Trolleybus (relative to a diesel base
bus, in t / a)
Parameter

12m

18m

GHG reduction TTW

46

66

GEI WTW reduction incl. BC

67

101

PM 2.5 reduction

0.0002

0.0002

NOx reduction

0.0478

0.0478

SO2 reduction

0.0008

0.0014

10.3 Financial and Economic Impact
For trolleybuses, the investment made in the bus and in the infrastructure must be considered. The
following tables reflect costs of different systems in different countries. It is considered for the investment
of a trolleybus an electric battery that has a range of minimum autonomy of 10km to be able to operate
also on lines partially without catenaries, for example, in areas complicated by its construction or where
cables are not wanted to avoid contamination visual.

Table 61 Incremental Investment for Trolleybuses (without subsidies)
City,
Country

12m

18m

Jinan, China

0%

--

82%

62%

---

80%

---

50%

Beijing,
China
Lucerne,
Switzerland
Geneva,
Switzerland
Average

Source
Yutong and Zhongtong, investment 105,000 USD (same as for a
Euro V diesel bus); high-floor, AC
Compared with Euro VI bus, investment in trolleybus of 12m
242,000 USD and trolleybus of 18m 367,000 USD
Compared with Euro VI diesel bus; low-floor, Investment in
trolleybus of 900,000 USD
Compared with Euro VI diesel bus; USD 750,000 investment

62%

The following table reflects infrastructure values.
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Table 62 Infrastructure Investments for Trolleybuses
City, Country

Value

Source

Bogotá, Colombia

1,400,000

Planning of 66 or 74km of trunk routes without overpasses; BE 2014

Beijing, China

1,700,000

Beijing operates multiple trolleybus lines; Beijing Bus Company, 2017

Jinan, China

700,000

4 operating lines and 30 new ones in planning; Jinan Bus Group,
2017

Europe

900,000

Trolley, 2013

Average

1,150,000

For trolleybuses with batteries the operation without catenary can occur in parts of the line, which also
reduces costs of investment and maintenance of the infrastructure. The maintenance costs of
trolleybuses are considered 10% higher than the costs of diesel buses. Operators in Europe generally
indicate that the maintenance costs of trolleybuses are 10-30% greater than those of diesel buses 108,
mainly due to a greater number of failures and more complex repairs, as well as a lower availability of
spare parts in the market, while Operators in China report lower maintenance costs, for example, Jinan
records 30% less in trolleybus maintenance costs when compared to diesel buses. The cost of
maintaining the infrastructure is estimated at 0.5% per year of the CAPEX 109.The following table
summarizes the financial parameters used for the calculations.

Table 63 Summary of Financial Values for Trolleybuses
Parameter

Value

Incremental investment Trolleybus 12 / 18m, 20-40 kWh
batteries

62% additional to the diesel base bus

Infrastructure investment per km

1,150,000

Number of buses operating on a 12km line
Incremental maintenance costs versus diesel bus

19 buses (see calculation in opportunity
system)
10% additional buses and 0.5% CAPEX
infrastructure

Bus availability

Same as diesel bus

Bus / infrastructure useful life

15/20 years

The following table shows the main financial results of trolleybuses.

108
109

See Trolley, 2013 and Infras, 2006
Infras, 2006
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Table 64 Financial Profitability of Trolleybuses
Parameter

12m Bus

18m Bus

CAPEX incremental bus in USD

148,000

247,000

CAPEX incremental infrastructure in USD per bus

61,000

61,000

Year 1 savings for energy in USD

22,600

35,500

Additional maintenance costs per year

1,900

2,700

Incremental investment VPN (bus plus infrastructure) in USD

41,500

241,400

FIRR of the incremental investment

11%

13%

Incremental cost per km

-0.03

-0.20

Marginal cost of reduction by tCO2 with / without discount
factor in USD / tCO2 (TTW)

-60 / -299

-243 / -353

The following table shows the sensitivity of the FIRR to changes in the main parameters.

Table 65 FIRR Sensitivity of Trolleybuses
Parameter

12m Bus

18m Bus

FIRR base value

11%

13%

CAPEX variation bus ± 20%

9% / 14%

10% / 16%

CAPEX variation infrastructure ± 20%

11% / 13%

12% / 14%

Electricity use variation ± 20%
Annual increase in the price of diesel (0 and double what was
projected)
Life span variation 12 years and 20 years

10% / 13%

11% / 15%

8% / 15%

10% / 17%

9% / 15%

10% / 16%

The trolleybuses are profitable in their 12m versions as well as in their 18m versions for all cases of
sensitivity. The following table shows the results of the economic calculations of trolleybuses.
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Table 66 Economic Profitability of Trolleybuses (USD / a)
Parameter

12m Bus

18m Bus

Economic value of the GHG reduction TTW per year

1,856

2,646

Economic value of the reduction of local emissions per year

133

137

Total economic value of emissions reduction per year

1,988

2,783

Economic VPN

28,350

63,404

EIRR

13%

14%

10.4 Risk and Use of Technology in Fleets
Fleets of large trolleybuses operate in some 300 cities decades ago. The technology has evolved in this
time making the systems more reliable, more robust in its operation and also more flexible for being able
to operate electrically in distances of up to 20km without the need to use catenaries. Its degree of
availability is therefore similar to that of diesel buses.
The advantage of the trolleybus system is that its range of operation is not limited in addition to not having
problems with slopes, nor with climatic aspects. There are many articulated and biarticulated trolleybuses
that can also be used in high frequency routes and passenger loads. Its only disadvantage is that the
buses must be used in defined routes.

10.5 Summary and Conclusion
The following table summarizes the characteristics of trolleybuses.

Table 67 Trolleybus Summary
ID

Parameter

12m Bus

18m Bus

Operating Conditions
1

Existence of buses of different sizes

2

Maximum passenger capacity

3

Influence of climatic conditions

4

Influence of slopes

5
6
7

Bus operation flexibility
Bus operation range
Local availability of fuel

Multiple
Multiple manufacturers
manufacturers
80 - equal to diesel
160 - equal to diesel bus
bus
Greater use of electricity for very high or very low
temperatures due to the use of AC
Greater use of electricity on steep slopes but no
technical problems or loss of speed
Only on routes with catenaries
10-20km without catenary
Electricity; available in the country

Environmental Criteria
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ID

Parameter

8
9
10

Direct GHG emissions (TTW) in gCO2 / km
Black Carbon Emissions in gCO2e / km
Indirect emissions in gCO2e / km

11

Indirect emissions life cycle of the bus

12
13
14
15
16

Energy use in l / 100km diesel
Emissions of PM 2.5 in g / km
NOx emissions in g / km
Emissions of SO2 in g / km
Noise levels

12m Bus

18m Bus

550
1,056
0
0
0
0
No significant
difference with diesel
Same as electric bus
bus
1.2
2.3
0
0
0
0
0
0
10 decibels less than diesel bus

Financial Criteria
17

CAPEX in USD
OPEX differential to diesel bus year 1 in
18
USD
19
FIRR and financial VPN in USD
Marginal cost of reduction by tCO2 with /
20
without discount value in USD / tCO2 (TTW)
Economic Criteria
Environmental benefits monetized in USD /
21
a
22
EIRR and economic VPN

449,000
-20,705

707,000
-32,781

11% / 41,532

13% / 241,412

-60 / -29

-243 / -353

1,988

2,783

13% / 28,350

14% / 63,404

Risk Criteria
23

Bus availability

24

Existence of significant fleets

95% - same as diesel
95% - same as diesel bus
bus
Multiple systems in many cities

11 Fuel Cell/Hydrogen Buses
11.1 Description of the Technology
A fuel cell is essentially a primary continuous-feed battery. Like conventional batteries, fuel cells are
electrochemical devices that generate electricity directly by separating positive and negative charges. A
fuel cell bus is a bus that uses a hydrogen fuel cell as a power source for the drive wheels, sometimes
augmented by batteries or a super capacitor. Eight hydrogen fuel cell buses operated by TfL are currently
being tested in London. The buses use a hybrid electric system with hydrogen stored in tanks on the roof
of the bus. Like electric buses, these vehicles have zero emissions at the bus operating site, but
potentially emissions from hydrogen production and distribution.
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Image 25 Hydrogen Buses in London, England

The operating range of hydrogen buses is 300km, which is comparable to conventional buses, while the
loading time is approximately 10 minutes 110. There are still difficulties in accurately measuring the amount
of hydrogen to fill the bus. The availability of hydrogen stations is not always given. New stations in
Europe have a degree of availability of 92-98% and lower for previous stations. However, the expected
level of availability has not yet been achieved compared to that of a conventional fuel station that has
about 100%111.
This technology is being tested in pilot fleets of several cities of the world; however, it is not yet a
technology that has been applied in a considerable fleet. In total, NREL estimates that there are no more
than 300 hydrogen buses around the world, most of which are buses of up to 12m, with few units of 14m,
articulated units and a double-decker bus in London112.
The degree of bus availability is still relatively low with values between 40% and 80% availability and an
average of 70%113. Multiple types of failures have plagued buses with hydrogen, which is not surprising,
as it is still experimental technology.

11.2 Environmental Impact.
Hydrogen can be produced from various sources, including fossil fuels, biomass and the electrolysis of
water with electricity114. The environmental impact and energy efficiency of hydrogen depends on how it is
produced. The most common forms are:

110

CHIC, 2016a
CHIC, 2016a
112 http://www.nrel.gov/hydrogen/proj_fc_bus_eval.html, http://www.airqualitynews.com/2016/12/01/london-mayorhydrogen-double-decker-bus/
113 CHIC, 2016a; NREL, 2017b, 73%
114 https://www.afdc.energy.gov/fuels/hydrogen_production.html
111
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Gasification: The synthesis gas, a mixture of hydrogen, carbon monoxide and a small amount of
carbon dioxide, is created by reacting the natural gas with steam at high temperature. The carbon
monoxide is reacted with water to produce additional hydrogen. This method is the cheapest,
most efficient and most common.
Electrolysis: An electric current divides water into hydrogen and oxygen. If electricity is produced
by renewable sources, such as solar or wind, the resulting hydrogen will also be considered
renewable
For the purpose of these calculations it is assumed that hydrogen is produced by electrolysis. The
following table summarizes the parameters used for calculations based on a 12m bus.

Table 68 Hydrogen Bus Parameters
Parameter

Value

Comment/Source

Electricity required to
produce hydrogen

50 kWh/kg

PSI, 2016

Hydrogen bus consumption

8 kg/100km

CHIC, 2017a previous hydrogen buses had between 18-29 kg /
100km; NREL, 2017b 28 kg / 100km

The following table summarizes the hydrogen bus emissions.

Table 69 Hydrogen Bus Emissions
Parameter

Value

GHG emissions TTW / WTW

1,832 gCO2e/km

Emissions PM2.5

0.0 g/km

NOx emissions

0.0 g/km

Emissions SO2

0.0 g/km

Note: Only engine emissions are considered; GHG includes emissions from electricity production; * emissions from local
production do not include emissions caused by electricity production.

The following table shows the annual environmental impact of a bus to hydrogen compared to that of a
diesel bus.
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Table 70 Annual Environmental Impact of a Hydrogen Bus (relative to a diesel
base bus)
Parameter

Value

GHG reduction TTW

-56

GHG WTW reduction incl. BC

-35

PM2.5 reduction

0.0002

NOx reduction

0.0478

SO2 reduction

0.0008

GHG emissions in hydrogen buses are more than 60% (TTW, in WTW more than 30%) greater than a
diesel bus. In terms of local emissions there is no significant positive impact.
Due to having higher GHG emissions, hydrogen buses are not considered as alternative buses or "Low
Carbon Buses (LCB)". As a result, the financial, economic and risk components of these buses will no
longer be analyzed.

11.3 Summary and Conclusions
Hydrogen buses do not currently offer significant local environmental benefits when compared to diesel
buses. In terms of GHG emissions, these have a worse performance than diesel buses. Therefore,
hydrogen buses cannot be considered as LCBs, so an economic, financial and risk analysis of this
technology is not carried out.

12 Comparison of Technologies
The following graph makes a comparison of GHG emissions between the different bus technologies (12m
bus) including TTW and WTW emissions with BC.
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Graph 11 GHG Emissions from 12m Buses (gCO2e / km)
1,800
1,600
gCO2e/km

1,400
1,200
1,000
800
600
400
200
0

TTW

WTW incl. BC

Source: Grütter Consulting

The lowest emissions are presented in BEB, trolleybuses and an opportunity charging system. The
reduction of emissions can occur in 50-60% when compared to diesel buses. The following graph shows
PM2.5 emissions and BC emissions (expressed in gCO2e / km).
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Graph 12 BC and PM 2.5 Emissions of 12m BC Bus (g / km and gCO2e / km)

BC in CO2eq

Source: Grütter Consulting

The differences between technologies compared to Euro VI diesel buses are marginal. The same applies
to NOx emissions. The significant impact is to switch from Euro III, IV or V to Euro VI. Euro VI diesel
already has very low emissions so there is no major difference with alternative technologies.
The following graph compares the FIRRs of the different technologies based on the differential
investment of a Euro VI diesel bus. Because of its relatively low impact on local emissions, the EIRR is
very similar to the FIRR.

Graph 13 Incremental FIRR of 12m Bus (compared to diesel bus Euro VI)
15%
10%
5%
0%
-5%
-10%
Hybrid

Plug-in hybrid
12m bus

Opportunity
charge hybrid
18m bus

BEB

Trolleybus

WACC

Source: Grütter Consulting
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The FIRR is higher than the WACC benchmark in the case of the 12m bus opportunity charge system
and trolleybuses.
The following graph compares the marginal costs of CO 2 reduction based on the NPV (that is, with the
discount factor) and the reduced total CO2 emissions (in TTW).

Graph 14 Marginal Costs of CO2 Reduction (USD / tCO2, based on TTW)
300

USD/tCO2

200
100
0
-100
-200
-300
Hybrid

Plug-in hybrid

Opportunity
charge hybrid

12m bus

BEB

Trolleybus

18m bus

Source: Grütter Consulting; based on NPV (with discount value)

In the following table, the different bus technologies are compared.
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Table 71 Comparison of Technologies
Diesel
(Baseline)

1

Existence of
buses of
different sizes

Yes

Yes

Yes

Yes

Yes

2

Maximum
passenger
capacity

12m: 80
18m: 160

Same as
diesel bus

Same as
diesel bus

Same as
diesel bus

Same as
diesel bus

3

Influence of
climatic
conditions and
slopes

Higher
consumption in
extreme
weather
conditions

Same as
diesel bus

Slightly lower
fuel savings in
extreme
temperatures
and steep
slopes

Lower fuel
savings in
extreme
temperatures
and steep
slopes

Lower fuel
savings in
extreme
temperatures
and steep
slopes

5

6
7

Bus operation
flexibility

Bus operation
range

Local
availability of
fuel
Direct GHG
emissions

Si

Same as
diesel bus

Hybrids

Opportunity
Charge
System

Parameter

4

Gas

Pluggable
Hybrid

ID

Same as
diesel bus

Same as
diesel bus

Same as
diesel bus with
hybrid buses,
but opportunity
charge only on
equipped lines
Same as
diesel bus with
hybrid buses,
but opportunity
charge only on
equipped
lines...

BEB

Trolleybus

Hydrogen

Yes

Basically 12m
buses

Same as
diesel bus

Same as
diesel bus

More electricity
consumption y
extreme
temperatures
and steep
slopes

Same as
diesel bus

Yes, but
basically short
routes without
too many
slopes

Linked to cable
infrastructure

Same as
diesel bus

Approx. 150km
without
recharging with
250 kWh
battery

10-20km
without cables

>400km

Only up to 14m
bus in
commercial
form
10-15%
capacity less
than buses of
the same size
Up to 50%
more electricity
consumption y
extreme
temperatures
and steep
slopes

>400km

Same as
diesel bus

Same as
diesel bus

Same as
diesel bus

Available

Not available

Available

Available

Available

Available

Available

Not Available

12m: 1,129
18m: 1,882

12m: 1,096
18m: 1,826

12m: 870
18m: 1,449

12m: 814
18m: 1,400

12m: 589
18m: 1,056

12m: 531

12m: 550
18m: 1,056

12m: 1,832
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(TTW) in gCO2
/ km

GHG
Emissions
WTW incl. BC
in gCO2 / km

8

9

10
11
12

Indirect
emissions life
cycle of the
bus
Emissions of
PM .5 in g / km
NOx emissions
in g / km
Emissions of
SO2 in g / km

13

14

15
16
17
18

Noise levels
CAPEX (bus
and
infrastructure)
in USD
OPEX
differential
year 1 in USD
FIRR
differential
Marginal cost
of reduction by
tCO2115
Differential
EIRR

115

12m: 1,390
18m: 2,316

12m GNC:
1,528
12m GNL:
1,649
18m GNC:
2,547
18m GNL:
2,748

12m: 1,070
18m: 1,783

12m: 981
18m: 1,692

12m: 624
18m: 1,056

12m: 531

12m: 550
18m: 1,056

12m: 1,832

Not significant

Similar to
diesel bus

Similar to
diesel bus

Similar to
diesel bus

Similar to
diesel bus

Similar to
diesel bus

Similar to
diesel bus

Similar to
diesel bus

12m: 0.002
18m: 0.002
12m: 0.597
18m: 0.597
12m: 0.011
18m: 0.018

12m: 0.002
18m: 0.002
12m: 0.597
18m: 0.597
12m: 0.0
18m: 0.0

12m: 0.0
18m: 0.0
12m: 0.079
18m: 0.0
12m: 0.001
18m: 0.0
3 db less than
diesel

12m: 0.0
18m: 0.0
12m: 0.0
18m: 0.0
12m: 0.0
18m: 0.0
10 db less than
diesel

12m: 0.0

n.d.

12m: 0.001
18m: 0.002
12m: 0.384
18m: 0.402
12m: 0.007
18m: 0.012
3 db less than
diesel

12m: 0.0

---

12m: 0.002
18m: 0.002
12m: 0.46
18m: 0.46
12m: 0.008
18m: 0.014
3 db less than
diesel

12m: 240,000
18m: 400,000

n.d.

12m: 320,000
18m: 534,000

12m: 389,000
18m: 649,000

12m: 410,000
18m:
1,211,000

12m: 575,000

12m: 449,000
18m: 707,000

n.d.

---

n.d.

12m: -7,190
18m: -11,980

12m: -9,790
18m: -14,920

12m: -20,210
18m: -33,080

12m: -24,500

12m: -20,705
18m: -32,781

n.d.

---

n.d.

12m: 2%
18m: 2%

12m: -3%
18m: -5%

12m: 11%
18m: 1%

12m: 0%

12m: 11%
18m: 13%

n.d.

---

n.d.

12m: 69
18m: 73

12m: 196
18m: 247

12m: -42
18m: 274

12m: 189

12m: -60
18m: -243

n.d.

---

n.d.

12m: 5%
18m: 4%

12m: -1%
18m: -3%

12m: 13%
18m: 2%

12m: 13%
18m: 14%

n.d.

12m: 0.0
12m: 0.0
10 db less than
diesel

12m: 1%

12m: 0.0
12m: 0.0
n.d.

Based on NPV (with discount factor) and TTW emissions
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19

Bus availability

95%

20

Existence of
significant
fleets

Yes

n.d.

95%

95%

95%

90%

95%

70%

Yes

Basically in
China

Pilot system in
multiple cities

Basically in
China

Yes

Only pilot
buses

GNC: yes
LNG: basically
in China
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13 Conclusions
GHG Emissions
For this aspect the most important thing is that alternative buses can reduce GHG emissions, but it is
worth noting that they are not Zero Emissions vehicles. Mexico's electricity grid is quite fossil heavy so
even purely electric buses result in emissions ranging from 40-50% of fossil bus emissions. This has an
impact on the marginal costs of CO2 reduction and shows the limitations of the use of electric vehicles as
a strategy to reduce GHG emissions. The difference in black carbon emissions from diesel buses and
alternative buses is minimal because of having Euro VI buses as a baseline.

Local Emissions
Euro VI diesel buses already have very low PM2.5 and NOx emissions and ultra low sulphur diesel results
in very low SO2 emissions. Therefore the impact of alternative buses on local emissions and local air
quality is marginal. There are fewer noise emissions from electric buses, but this needs to be put in the
context of existing noise from traffic and other city activities.

Financial and Economic Costs
Trolleybuses and opportunity charge busses operated with hybrids in well-defined systems have lower
total life costs (TCO) than those of diesel buses. All other alternatives have higher costs and a financial
and economic return for the incremental investment that is below the financial benchmark (the WACC)
and below the social benchmark. The results are robust even with a sensitivity analysis and show that
with the prices nowadays and expected for the coming years the buses of low CO 2 emissions are not
profitable and require subsidies. Therefore, it is not surprising that large fleets only operate in cities and
countries that have established massive subsidy systems for electric buses.

Technical Aspects
Battery electric buses (BEB) still do not have the level of reliability and availability that diesel buses have.
This implies the need to have a larger reserve fleet in BEB (and therefore a greater investment) when
compared with conventional buses. In the other alternative technologies the systems are already more
robust and comparable with diesel buses.
An important aspect is that BEB also generally have a lower passenger load capacity which leads to
needing a greater number of buses in peak periods in order to maintain the same level of service. Also,
due to its limitations of rank and power, its use is limited to short routes, with less affluence of people and
without the presence of slopes. This is important because it affects the environmental impact (fewer
emissions per year are reduced) and its financial cost (the FIRR is reduced due to not having such high
OPEX savings while the investment remains the same if the bus is used a lot. or little). For that reason,
the calculations should be made on the routes actually operated by BEB and not based on the average
mileage of the existing fleet. The importance of these factors can be seen in the following graph that
shows for different Chinese cities the percentage of BEB in their fleet and the percentage of BEB in
mileage of buses traveled.
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Graph 15 Percentages of BEB in the Fleet versus Percentage of BEB in Mileage
12.0%
10.0%
8.0%
6.0%
4.0%
2.0%
0.0%
Fuzhou

Jinan
BEBs share bus fleet

Beijing

BEB share bus-km

Source: Grütter Consulting, with 2016 data.

In the current state of alternative bus technologies, the recommendation is to use a mix of technologies
according to the type of route (length, slope) and transport capacity requirements. Trolleybuses can be
used for all routes with a certain number of passengers transported and where no changes to the route
are expected in the short or medium term, while BEBs or opportunity cargo systems can be used for
lighter and shorter routes. For other types of routes, hybrid buses are currently the best option. The graph
below shows the different technologies in relation to their optimal use in a city.

Image 26 Bus Technologies and Optimal Use in a City

Short routes with low to
intermediate demand

Intermediate routes with
high flexibility
requirements; Reserve
buses and for peak hours

BEB and Opportunity
Charging Systems
Hybrid Buses and 12-14m
Trolleybuses

Source: Grütter Consulting.

Routes with high
frequency and many
passengers

Trolleybuses and 18-24m
hybrid buses, eventually
TOSA type opportunity load
system
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