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DISCLAIMER 

This report has been prepared by Byrne Ó Cléirigh Limited with all reasonable skill, care and 
diligence within the terms of the Contract with the Client, incorporating our Terms and Conditions 
and taking account of the resources devoted to it by agreement with the Client. 

We disclaim any responsibility to the Client and others in respect of any matters outside the scope of 
the above.   

This report is confidential to the Client and we accept no responsibility of whatsoever nature to third 
parties to whom this report, or any part thereof, is made known.  Any such party relies upon the 
report at their own risk. 
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1 INTRODUCTION 

The Department of Transport (previously the Department of Transport, Tourism and Sport, DTTAS) 
appointed Byrne Ó Cléirigh in November 2018 to assist the Climate Change Unit with project 
managing, administering and assuring the quality of trials carried out on diesel and alternatively 
fuelled buses.  The primary reason for conducting the trials was the commitment in the National 
Development Plan (1) to stop purchasing diesel-only buses for the urban public fleet by July 2019.  
With diesel-only buses no longer permitted, the Department needs to understand the available 
alternative technologies and, importantly, the emissions generated under real-world conditions.  

The first phase of the trials was carried out on fifteen buses over a five-month period (December 
2018 to April 2019) in Dublin and Cork, and included trials of diesel, hybrid, compressed natural gas 
and electric buses.  The second phase of the trials was carried out with two fuel cell buses between 
November 2020 and August 2021. 

BÓC was appointed to carry out several tasks during phase two: 

1. Prepare and plan for the trials; 

2. Oversee the trials; 

3. Analyse the fuel economy data; 

4. Examine the well-to-wheel performance of hydrogen; 

5. Compare the findings with other bus studies;  

6. Examine the likely infrastructure requirements; 

7. Assess the contribution to renewable energy targets; 

8. Examine the broader costs and benefits of the fuels and technologies; 

9. Prepare a report on the trials. 

Given that the fuel cell buses trialled ran on hydrogen, we first outline in Section 2 the methods by 
which hydrogen can be produced.  In Section 3 we describe the bus trials, the methodology 
employed for testing the fuel cell buses, and report on the energy efficiency findings.  In Section 4 
we report on similar tests and experiences from elsewhere and compare the findings with those 
from this trial. 

In Section 5 we calculate the contribution alternative fuels and technologies could make to 
renewable energy targets and emissions reductions under several scenarios.  Section 6 describes our 
approach to the cost benefit analysis and sets out the findings for several fuel cell fleet adoption 
scenarios.  Finally, in Section 7, we provide our conclusions on the trials and make recommendations 
on actions that could be taken in the coming years to comply with policy requirements and improve 
the performance of the national bus fleet.  

This report should be read in conjunction with the phase one report (ref. 546-19X0091), which was 
published in February 2020.  The report is available at: https://www.gov.ie/en/publication/7251e2-
low-emission-bus-trials-report/  

 

https://www.gov.ie/en/publication/7251e2-low-emission-bus-trials-report/
https://www.gov.ie/en/publication/7251e2-low-emission-bus-trials-report/
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2 HYDROGEN PRODUCTION METHODS 

2.1 Overview 

A wide range of hydrogen production methods are available and, depending on the raw materials 
used as feedstocks, the process routes can be divided into two main categories: 

1. conventional processes that utilise fossil fuels as feedstock; and  

2. processes that utilise renewable resources. 

The principal process steps in each of the categories are illustrated in Figure 1. 

Figure 1: Hydrogen production (4) 

 

Hydrogen production from fossil fuels – often referred to as ‘grey’ hydrogen – can be divided into 
two main sub-categories: hydrocarbon reforming and hydrocarbon pyrolysis.  Hydrocarbon 
reforming remains the standard method for producing hydrogen from fossil fuels.  The conversion 
process consists of passing de-sulphurised methane and steam through a reforming catalyst at high 
temperature and pressure to produce hydrogen and carbon monoxide. 

Hydrogen can be produced from renewable sources via two primary methods: biomass processing 
and water splitting.   

• Biomass processing 

Through thermochemical or biological processing, biomass is transformed into hydrogen and 
hydrogenic gases by employing mainly pyrolysis and gasification techniques.   

• Water splitting  

Electrolysis is the most effective technique for splitting water (H2O) into hydrogen and 
oxygen.  An electrolyser consists of a cathode and anode immersed in an electrolyte.  When 
an electrical current is applied, the water molecules are split, and hydrogen is produced at 
the cathode while oxygen is produced at the anode. 

As shown above, there are many ways of producing hydrogen, and each method will have its own 
energy requirements and associated emissions.  In general, commercially available hydrogen in 
Ireland is imported from the UK and other parts of Europe, or is produced by BOC Gases in Dublin 
using an electrolyser and grid electricity (this is the only commercially available electrolyser in 
Ireland (3)).   



Byrne Ó Cléirigh Consulting 
3 

Report on Diesel- and Alternative-Fuel Bus Trials – Addendum 

 

   

546-21X0181 Public Version  9 February 2022 
 

In the remainder of this section, we consider the energy requirements associated with producing 
hydrogen using an electrolyser.  We have not examined hydrogen produced from fossil fuels.  There 
are several reasons for this, including:  

• the technology is not used in Ireland.  

• it is unlikely that fossil hydrogen will be supported by government policy.  Ireland’s recently 
published Climate Action Plan 2021 (4) states:  

Green hydrogen is a renewable fuel of non-biological origin, which has been identified as 
having potential to support decarbonisation energy production, across home heating, 
industry and transport.  Hydrogen is a versatile energy carrier that may store excess 
renewable energy from the grid.  From a post-2025 transport perspective, it is envisaged that 
green hydrogen may contribute to the decarbonisation of hard-to-abate sectors such as 
HGVs, shipping and potentially (as a synthetic fuel) aviation.  Green hydrogen could also 
potentially be used in the manufacture of synthetic fuels for transport.  It is being considered 
to extend the scope of the Biofuels Obligation Scheme to include green hydrogen and other 
renewable fuels of non-biological origin. 

• natural gas, which is the most common feedstock for hydrogen production globally, may be 
better served as a heating fuel or used directly by transport rather than using it as a 
feedstock to produce grey hydrogen. 

 

2.2 Hydrogen production via electrolysis 

A recent study (5) on the production of low carbon hydrogen, carried out on behalf of Zemo 
Partnership, reviewed a mixture of sources (industry data, UK National Grid Future Energy Scenario 
reports, and an International Renewable Energy Agency publication) to determine the energy 
consumption of hydrogen production systems using electrolyser technology.   

The energy requirements for electrolysers are set out in Table 1 (both the central scenario value and 
the range are provided).  ‘Stack energy’ refers to the electricity used by the electrolyser; ‘non-stack 
energy’ refers to energy used by the pre-processing and post-processing components, which include:  

• water distribution; 

• water de-ionisation; 

• electrical transformer and rectifier; 

• hydrogen drying and deoxygenation; and 

• pressurisation (including compression). 

Table 1: Hydrogen production system energy requirements using an electrolyser (kWh / kg H2) 

Parameter 
Electrolyser stack energy 

requirement  
Non-stack energy 

requirement 
System energy 
requirement 

Central scenario 53 5.5 58.5 Note 1 

Range 49 – 61 54.5 – 66.5 

Note 1: This production system’s central value is projected to decrease to 52.5 kWh/kg H2 by 2030 and 50.5 

kWh/kg H2
 by 2035. 

Note 2: These data relate to the energy requirements for polymer electrolyte membrane (PEM) electrolysers. 
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The central electrolyser energy requirement of 53 kWh / kg H2 (1.59 MJ electricity / MJ H2) in Table 1 
is comparable to the values used by:  

• the European Commission’s Joint Research Centre (JRC) in its well-to-tank report (1.54 MJ 
electricity / MJ H2) (5) that examines energy use and greenhouse gas (GHG) emissions for a 
wide range of potential future powertrains and fuels options; and 

• Bloomberg New Energy Finance (NEF) in its 2021 New Energy Outlook report (1.59 MJ 
electricity / MJ H2) (6). 

We have incorporated these data into our analysis of the primary energy requirements for fuel cell 
buses carried out in Section 3.3.1 and lifecycle emissions factors carried out in Section 3.3.2. 

 

3 BUS TRIALS 

3.1 Overview 

Two buses were trialled in Dublin1 during the second phase: 

• a single-deck fuel cell bus (Hydrogen1) was trialled in November 2020; 

• a double-deck fuel cell bus (Hydrogen 2) was trialled in August 2021. 

A detailed description of each bus, and the definitions of the different bus technologies as set out by 
the Low Carbon Vehicle Partnership (now the Zemo Partnership) (2), are provided in Appendix 1.  
The focus of the trials was on measuring fuel economy under real-world operating conditions – 
emissions testing was not required on the fuel cell buses because they have no tailpipe emissions 
(other than water). 

 

3.2 Methodology 

3.2.1 Test conditions 

The fuel cell buses were tested using a procedure similar to that used for the electric buses in the 
phase one trials.  The same test conditions were implemented, i.e. the bus was loaded with 2,000 kg 
of weights, the same route was travelled, the same number of bus stops were used, etc.  

 

3.2.2 Re-fuelling services 

Bus Éireann has a commercial arrangement with BOC Gases to provide hydrogen fuelling services.  
Due to the limited quantity of hydrogen vehicles operating in Ireland, BOC Gases’ Bluebell site does 
not have a dedicated hydrogen refuelling station.  Instead, the company transfers hydrogen to the 
buses via a multi cylinder pack (MCP) tanker.   

These MCP tankers have a maximum operating pressure of 228 bar, whereas the maximum 
operating pressure of the buses’ fuel cell tanks is in excess of 300 bar.  Due to the lower rating of the 

 

1 In the first phase, trials were carried out in Dublin and Cork.  Trials were restricted to Dublin for the fuel cell 
bus trials due to constraints around fuel availability. 
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MCP tankers, a decanting2 method was used to transfer the hydrogen to the buses.  Because of this, 
the buses could not be filled to their maximum capacity.   

 

3.3 Comparing energy efficiency and emissions results 

3.3.1 Energy efficiency 

The energy efficiency of an internal combustion engine (ICE) is typically reported in litres consumed 
per 100 km, whereas the efficiency of an electric vehicle is reported in kWh/km.  To enable a direct 
comparison between the technologies, the data have been converted to MJ/km.   

When considering the energy efficiency of the fuel cell buses, the data can be presented on final 
energy or a primary energy basis.   

• Final energy is the energy (i.e. the hydrogen) that is consumed directly by the bus.   

• Primary energy includes the consumption, distribution and conversion losses in 
transforming energy from one form to another.  The number of transformation stages 
required to produce hydrogen depends on the production method adopted (see Section 2).  
In the case of hydrogen produced by an electrolyser using grid electricity, two 
transformations take place. 

1. Electricity is produced for the national grid using a mixture of fossil and renewable 
energy sources.  The efficiency of electricity supply in 2019 was 54% (8) (i.e. on a 
national basis, approximately 1.9 MJ of primary energy was required to supply 1 MJ of 
electricity).   

2. Hydrogen is produced by an electrolyser using grid electricity.  The efficiency of an 
electrolyser is c.63%, while the production system efficiency reduces to c.57% when 
other losses are included (refer to  Table 1).  Therefore, producing 1 MJ of compressed 
hydrogen using an electrolyser currently requires 1.8 MJ of electricity. 

Thus, based on current grid and electrolyser efficiencies, a total of 3.3 MJ of primary energy 
is required to produce 1 MJ of hydrogen.   

This is important in the context of supplying energy to fuel cell buses from a national perspective, 
where the primary energy requirement needs to be considered. 

 

3.3.2 Comparing GHG emissions 

We have compared GHG emissions on a lifecycle and tailpipe basis.   

1. Tailpipe emissions are the CO2, N2O and CH4 emissions from combusting/consuming the 
fuel, reported in units of carbon dioxide equivalent (CO2eq).  Hydrogen consumed in a fuel 
cell has no tailpipe emissions, other than water.  

2. Lifecycle emissions include all emissions from processes used for energy extraction, 
processing, storage and delivery up to and including the point of use, i.e. tailpipe emissions 
(9).  

 
2 Decanting is the process of filling a tank/cylinder by transferring the hydrogen from another tank/cylinder 
without the use of a mechanical pump.   
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There is work being carried out by the JRC, on behalf of the European Commission, to prepare a 
delegated act setting out the methodology for calculating the lifecycle emissions of renewable fuels 
of non-biological origin (RFNBOs), of which hydrogen produced from renewable electricity is one.  
While this is not yet complete, some emissions factors for hydrogen are contained in Directive 
2015/652. 

Table 2 summarises the lifecycle and tailpipe emission factors from published sources.  We have also 
updated the lifecycle and tailpipe emission factors for electricity as the phase one report did not 
include the emissions associated with producing the fuel used to generate grid electricity. 

Table 2: Lifecycle and tailpipe emissions 

Fuel 
Raw material source 

and process 
Lifecycle 

(gCO2eq/MJ) 
Tailpipe 

(gCO2eq/MJ) 
Data Sources 

Compressed hydrogen 
in a fuel cell 

Electrolysis fully 
powered by non-
biological renewable 
energy 

9.1 0 Annex I, Part 2 of Directive 
2015/652 

Natural gas using steam 
reforming 

104.3 0 

Coal 234.4 0 

Electrolysis powered by 
grid electricity 

176.1 0 SEAI’s 2020 carbon emission 
factor (gCO2/kWh) × 
conversion to gCO2eq/MJ 
(0.2778) x JRC well-to-wheel 
lifecycle factor Note 1 

plus 

Emissions associated with 
producing a unit of hydrogen 
by electrolysis using grid 
electricity (refer to energy 
requirements in Section 2) 

Electricity - 100.3 0 SEAI’s 2020 carbon emission 
factor (gCO2/kWh) × 
conversion to gCO2eq/MJ 
(0.2778) x JRC well-to-wheel 
lifecycle factor 

Note 1: The carbon intensity of grid electricity provided by SEAI does not include the emissions associated with producing 
the fuel used to generate the electricity.  To account for this, we have applied the methodology set out in the JRC report 
for calculating lifecycle emissions for electricity (4). 

The tailpipe emissions associated with electricity and hydrogen are zero.  The lifecycle emission 
factor for hydrogen is dependent on the fuel source and the process used to manufacture the 
hydrogen.  Hydrogen produced using coal as a feedstock, via a gasification process, results in the 
highest emission factor (234.4 gCO2eq/MJ); hydrogen produced using renewable electricity in an 
electrolyser results in a lifecycle emission factor of 9.1 gCO2eq/MJ (assumes that hydrogen 
compression and dispensing are powered by grid electricity).   

Based on the current mix of fuels used to produce electricity in Ireland, and the efficiencies of 
electrolysers, hydrogen produced in an electrolyser using grid electricity has a high emission factor 
(2020 = 176.1 gCO2eq/MJ).  Notwithstanding this, it is expected to reduce in the coming years as 
more renewable energy is used to produce electricity and as electrolyser efficiencies improve.  By 
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2030, we estimate that the lifecycle CO2eq emission factor for hydrogen produced from grid 
electricity will be approximately 93 gCO2eq/MJ, which is based on a 70% penetration of renewables 
on the grid. 

 

3.4 Bus Test Results 

3.4.1 Energy efficiency 

The energy efficiencies of fuel cell buses are shown in Figure 2.  The buses tested as part of the first 
phase of the trials are included for comparison.  The final and primary energy efficiencies are shown 
for the fuel cell and electric buses. 
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Figure 2: Energy efficiency of trials buses 
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The following are the key findings from the fuel cell bus trials:  

• The average energy consumption of the hydrogen fuel cell buses, on a final energy basis, 
was 8.3 MJ/km, which is marginally higher than the average energy consumption of the 
electric buses (7.5 MJ/km). 

• The single deck fuel cell bus was more efficient than the double deck (7.6 MJ/km compared 
to 9.0 MJ/km). 

• When compared on a primary energy basis, the average energy consumption of the fuel cell 
buses is comparable to the Euro IV and Euro V diesel buses. 

Table 3 shows the range of efficiencies achieved during the trials on a final energy and primary 
energy basis – the average values are shown in Figure 3.   

It is important to recognise that there are two distinct energy conversion steps that take place when 
producing hydrogen from electricity.  The first step is the production of the electricity and the 
second is the production of hydrogen from that electricity.  As discussed in Section 2, where the 
hydrogen is produced using an electrolyser powered by 100% non-biological renewable electricity 
(e.g. wind or solar), then there are no electricity generation losses and the primary energy 
requirement only includes for inefficiencies in the hydrogen manufacturing process (column 3 in 
Table 3).  Where hydrogen is produced using an electrolyser powered by grid electricity, the 
inefficiency of producing electricity also needs to be taken into account (column 4 in Table 3). 

Table 3 Energy efficiency of fuel cell buses  

Bus 
Final energy 

consumption (MJ/km) 

Primary energy 
consumption – hydrogen 

produced using 100% 
renewable electricity  

(MJ/km) 

Primary energy 
consumption – hydrogen 

produced using grid 
electricity (MJ/km)  

Hydrogen 1 7.3 – 7.9 12.8 – 13.9 23.8 – 24.8 

Hydrogen 2 8.9 – 9.1 15.7 – 16.0 29.0 – 29.7 

When hydrogen is produced by grid electricity using an electrolyser, energy use in the fuel cell bus 
accounts for approximately one-third of the primary energy requirement, hydrogen production 
accounts for c.25% and the remainder (45-50%) is attributable to inefficiencies in the electricity grid.  
The breakdown of the energy efficiency of the two fuel cell buses, using either 100% renewable or 
grid electricity, is shown in Figure 3. 
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Figure 3: Energy efficiency of fuel cell buses (MJ/km) 

 

The difference in primary energy requirements when using hydrogen produced from grid electricity 
and from 100% renewable electricity is consistent with the findings from a 2021 report by Dr. James 
Carton at Dublin City University (12), i.e. the primary energy requirement for fuel cell buses operated 
using hydrogen produced from grid electricity is significantly higher. 

Nonetheless, with increasing renewable energy penetration on the electricity grid, it would be 
expected that the overall efficiency of electricity production will improve and thus, on a primary 
energy basis, the efficiency of fuel cell buses powered by hydrogen produced from grid electricity 
will also improve.   

 

3.4.2 Driving range 

The estimated driving range of the fuel cell buses is shown in Figure 4.  The ranges were calculated 
using the following formula: 
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 ×  𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑙𝑒𝑑 

It should be noted that these results are an indication of range in an urban setting where there is a 
low average driving speed and frequent stops. 
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Figure 4: Predicted range of hydrogen buses 

 

The following are the key findings:  

• The Hydrogen 1 bus achieved the highest average range (510 km).  There are two reasons 
for this: the bus was marginally more efficient than the Hydrogen 2 bus (illustrated in Figure 
2), and, more importantly, it had a larger on-board hydrogen storage capacity (refer to 
Appendix 1). 

• The Hydrogen 2 bus has an average range of approximately 318 km.  

• If tank storage capacity differences are eliminated, i.e. if the buses both had the same size 
storage tanks, the predicted range of the Hydrogen 1 bus is approximately 15% higher than 
the Hydrogen 2 bus. 

 

4 COMPARISON WITH OTHER BUS STUDIES 

4.1 Introduction 

In this section, we summarise the findings from our review of four international fuel cell bus 
evaluations: 

1. Clean Hydrogen in European Cities (CHIC) project; 

2. High V.LO-City project; 

3. Two National Renewable Energy Laboratory (NREL) publications.  

We also compare the findings from these evaluations with those of this trial.  

 

4.2 CHIC project 

The Clean Hydrogen in European Cities (CHIC) project involved the deployment of 54 fuel cell buses 
across major cities in Europe, as well as in Canada, and was carried out between 2010 and 2016.  
Table 4 lists the cities in which the fuel cell bus fleets operated.  It also details the total distance 
travelled by the fleet over the course of the project and the respective energy consumption.  
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Table 4: CHIC project summary 

City  No. of buses 
Bus 

manufacturer 
Distance 

travelled (km) 

Final energy 
consumption 

(MJ/km) 
Bus technology 

Aargau  5 EvoBus 
Mercedes-Benz 

1,230,691 9.5 Fuel cell 

Berlin  4 - 898,477 27.4 Internal 
combustion 
engine (ICE) 

Bolzano  5 EvoBus 
Mercedes-Benz 

481,454 10.3 Fuel cell 

Cologne  4 APTS (2) 
Van Hool (2) 

109,790 
122,656 

19.8 
15.0 

Fuel cell 

Hamburg  4 EvoBus 
Mercedes-Benz 

457,712 9.6 Fuel cell 

London  8 Wrigthbus 1,298,565 11.6 Fuel cell 

Milan  3 EvoBus 
Mercedes-Benz 

178,396 12.4 Fuel cell 

Oslo  5 Van Hool 546,223 15.8 Fuel cell 

Whistler (Canada) 20 New Flyer 4,005,000 18.8 Fuel cell 

Table 4 shows energy efficiency of the fuel cell buses ranged from 9.5 MJ/km to 19.8 MJ/km, while 
the ICE bus run on hydrogen had an efficiency of 27.4 MJ/km.  The average energy efficiency of fuel 
cell buses over the course of the project was 13.6 MJ/km, which is significantly higher than the 
results observed during the Department of Transport bus trials, and various other studies detailed in 
the following sub-sections.  The reason for this is two-fold: the buses generally travelled on short, 
congested city-centre routes; and the buses were using older technology (the project began in 
2010). 

There were several other notable findings from the project: 

• the buses had a similar operating range to diesel buses (>350 km);  

• the buses were capable of being refuelled in less than 10 minutes;  

• the buses were, on average, 26% more fuel efficient than an equivalent diesel bus. 

The research team estimated that the project achieved emissions savings of approximately 
6,800 tCO2eq. 

 

4.3 High V.LO-City project 

The High V.LO-City project, co-funded by the European Community Research and Development 
Service (CORDIS) and the Fuel Cells & Hydrogen Joint Undertaking (FCH JU), ran from January 2012 
to December 2019.  The aims of the project were to demonstrate the technical and operational 
quality of a new generation of fuel cell buses, and to build on the work undertaken by previous EU 
projects, such as CHIC (refer to Section 4.2).  The project involved deploying a fleet of 14 fuel cell 
buses across four European cities (Aberdeen, Antwerp, Groningen, and San Remo); a hydrogen 



Byrne Ó Cléirigh Consulting 
13 

Report on Diesel- and Alternative-Fuel Bus Trials – Addendum 

 

   

546-21X0181 Public Version  9 February 2022 
 

refuelling station was established in each of the cities.  The number of buses deployed, the trial start 
dates, and the average energy consumption achieved are shown in Table 5. 

Table 5: Overview of High V.LO-City Project 

Location Number of buses Start date 
Energy consumption 

(MJ/km) 

Aberdeen, Scotland 4 March 2015 

11 - 15.5 
Antwerp, Belgium 5 December 2014 

Groningen, Netherlands 2 February 2017 

San Remo, Italy 3 December 2018 

The fuel consumption performance of all buses tested is shown in Figure 5.  The chart also shows 
data from a separate project carried out in Aberdeen (HyTransit study). 

Figure 5: Average fuel consumption of fuel cell buses (source: High V.LO-City project) 

 

The data in Figure 5 clearly illustrates the difference in hydrogen consumption between the summer 
and winter months, with the buses consuming more hydrogen in the winter months.  This was 
because of increased use of the buses’ heating systems during the winter whereas no air 
conditioning was required in many of these cities in the summer.  The results also show a gradual 
increase in fuel consumption over time.  The researchers concluded that this was because of 
declining efficiency of the fuel cells, particularly in buses that are used intensively.  

Figure 5 also shows that Antwerp (yellow dots) and Groningen (green dots), on average, consumed 
less fuel than the other sites.  Greater fuel efficiencies were achieved in Antwerp because there was 
a relatively long distance between the refuelling station and the depot (40 km).  This resulted in the 
buses having fewer stops and travelling longer distances with fewer passengers, both of which 
reduce fuel consumption.  In Groningen, the buses travelled at a higher average speed and there was 
significantly less traffic compared to the other cities. 

Aberdeen (HyTransit study) Aberdeen Antwerp GroningenCologne
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4.4 National Renewable Energy Laboratory publications 

4.4.1 Overview 

The National Renewable Energy Laboratory (NREL) is part of the US Department of Energy.  NREL’s 
hydrogen and fuel cell research and development focuses on developing, integrating, and 
demonstrating hydrogen production and delivery, storage, and fuel cell technologies for 
transportation, stationary, and portable applications.  Its technology validation team carries out fuel 
cell bus performance evaluations for various US government departments.  As of November 2020, 
NREL was monitoring 64 fuel cell buses across three US states.  Two of the most recent publications 
from NREL are described in the following sub-sections. 

 

4.4.2 Fuel cell buses in Santa Ana, California 

NREL published a report in March 2020 that examined the initial results from a fleet of ten fuel cell 
buses operated by the Orange County Transportation Authority (OCTA) in Southern California.  The 
buses were manufactured in 2018.  As well as examining the fuel cell buses, NREL also collected data 
on ten compressed natural gas (CNG) buses (2016 models).  The data collected covers the period 
February 2020 to July 2020.   

Table 6 details the total distance travelled and the total hydrogen consumed by all the buses over 
the study period, and compares the energy consumption of the fuel cell bus fleet with that of the 
CNG fleet. 

Table 6: Energy consumption of fuel cell and CNG buses 

Bus technology Distance (km) Hydrogen (kg) 
Energy consumption 

(MJ/km) 

Fuel cell 233,592 16,746 8.70 

CNG 453,341 - 19.85 

The data in Table 6 show that the fuel cell buses were approximately 2.3 times more efficient than 
the CNG fleet.  The Department of Transport bus trials show that fuel cell buses are approximately 3 
to 4 times more efficient than CNG buses (refer to Section 3.4.1) on a final energy basis. 

However, the fuel cell bus fleet was found to have a higher operating cost than the CNG bus fleet: 
the average cost per mile for the fuel cell buses was €0.403 whereas the average cost per mile for 
CNG buses was €0.14.  Fuel cell bus availability4 was 73.6% during the test period. 

 

4.4.3 Fuel cell buses in Coachella Valley, California 

This report examined the deployment and operation of five fuel cell buses (2018 models) in 
Coachella Valley, California.  The data collected covers the period January 2020 to July 2020.  The 
NREL also collected data on five CNG buses (2019 models), for comparison.  The data is summarised 
in Table 7. 

 
3 Converted from 2020 US Dollars to September 2021 Euro. 
4 The number of days the buses are available for use on the days they are scheduled for service. 
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Table 7: Energy consumption of Sunline fuel cell buses 

Bus fleet Distance (km) Hydrogen (kg) 
Energy consumption 

(MJ/km) 

Fuel cell 154,126 13,806 10.75 

CNG 82,269 - 21.51 

Similar to the Santa Ana data, the average consumption of the CNG bus fleet was more than twice 
that of the fuel cell bus fleet.  Fuel cell bus availability was 77% during the test period; the CNG bus 
fleet availability was 87%3.  The cost of CNG was considerably lower than that of hydrogen 
(€0.16/km vs €0.82/km). 

 

4.5 Comparing Department of Transport bus trials with other studies & data 

The purpose of this sub-section is to compare the fuel efficiency findings from the other sources 
discussed in the proceeding sub-sections with the findings from the bus trials, to determine if they 
are in keeping with the experiences from elsewhere.  Table 8 sets out the results from the trials and 
provides a comparison with data from other sources.   

Table 8: Comparison of energy efficiency data 

Bus 
Trial data 

Irish fleet 
(estimated) 

Note 1 
CHIC 

High 
V.LO-City 

Santa Ana 
Note 2 

Coachella 
Valley Note 3 

(MJ/km) 

Fuel cell  8.3 6.2 13.6 11-15.5 8.6 10.8 

Note 1: Trial data adjusted to account for differences in energy efficiency recorded during trials and 
actual energy efficiency of fleet.  The methodology for calculating this value is set out in the phase one 
report. 

Note 2: Average efficiency for ten fuel cell buses (2018 models) operated between February and July 
2020, covering over 240,000 km. 

Note 3: Average efficiency for five cell buses (2018 models) operated between January and July 2020, 
covering over 150,000 km 

The data in Table 8 suggests that fuel cell bus efficiencies have improved over the last decade.  
Moreover, high heating and cooling loads can significantly impact on bus efficiencies, as can the 
routes over which the buses operate (many of these projects were carried out over short, congested 
city-centre routes).   

 

5 CONTRIBUTION TO RENEWABLE ENERGY AND EMISSIONS REDUCTIONS 

5.1 Hydrogen overview 

The overall EU targets for renewable energy are 20% by 2020 and 27% by 2030.  Member States had 
different national targets for 2020, although all had a mandatory target of 10% for transport (by 
2020), as set out in the Renewable Energy Directive (RED) (5).  The recast Renewable Energy 
Directive (RED II) (9) sets a 14% renewable energy target in transport for 2030.  
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In July 2021, the EU Commission published draft amendments to RED II as part of the Commission’s 
‘fit-for-55’ package of carbon reduction initiatives.  The purpose of the package is to adapt existing 
climate and energy legislation to meet the new EU objective of a minimum 55% reduction in GHG 
emissions by 2030.  Under RED II, the EU is currently obliged to ensure at least 32% of its energy 
consumption comes from renewable energy sources by 2030.  The revised RED II (RED III) aims to 
strengthen these provisions and set a new EU target of a minimum 40% share of renewable energy 
in final energy consumption by 2030.  It also includes proposals to move the transport obligation 
from a blending requirement to a carbon intensity reduction target.  RED III is currently being 
reviewed and assessed by the European Council and the Parliament, thus it is subject to change.  
Therefore, we have carried out our analysis based on RED II, which will become Irish law once 
transposed. 

To contribute to the RED II renewable energy targets in 2030, the hydrogen supplied to the buses 
must be produced from renewable sources.  The potential contribution of fuel cell buses powered by 
renewable hydrogen towards the renewable energy target is set out in Table 9.  In performing this 
analysis, we have considered three deployment scenarios which reflect the percentage of new buses 
purchased each year that are fuel cells.  For example, under the 10% fuel cell bus scenario, 10% of 
the new buses purchased each year will be fuel cells – the remainder are assumed to be diesel 
hybrid run on fossil diesel. 

Table 9: Contribution of hydrogen to renewable energy targets in 2030 

Scenario 

Distance travelled (‘000 
km) 

Energy consumption (PJ) 
% Renewable 

Energy 

Contribution 
towards target 

(percentage 
points) Note Diesel Hydrogen Diesel Hydrogen 

10% 
Renewable 
Hydrogen   

61,454 5,795 0.68  0.04 10% 0.02pp – 
0.04pp  

50% 
Renewable 
Hydrogen 

38,275 28,973 0.44  0.18 50% 0.09pp – 
0.18pp  

100% 
Renewable 
Hydrogen 

9,302 57,946 0.13  0.37 100% 0.18pp – 
0.37pp 

Note: Under RED II, there are ‘multipliers’ applied to different biofuel feedstocks and to some different 
fuel types, to promote their development as a transport fuel.  While there is no multiplier for hydrogen 
produced from renewable electricity, any fuel (e.g. hydrogen and biomethane) produced from 
waste/residue biomass listed in Annex IX, Part A of RED II may be double counted.  Renewable 
electricity supplied to EVs may be 4-times counted. 

Under the 100% renewable hydrogen scenario, the urban public buses could contribute 0.18pp 
towards the 2030 renewable energy target, if hydrogen was produced using 100% renewable 
electricity, or 0.37pp if the hydrogen the was produced from 100% waste/residue biomass listed in 
Annex IX, Part A of RED II.  There is a larger contribution from the latter because there are double 
counting provisions for waste-based biomass derived hydrogen.  The potential contributions from 
the other bus technologies are compared in the following sub-section. 

In addition to the renewable energy targets under RED II, fuel suppliers in Ireland are required to 
reduce the carbon intensity of the fuels they supply by 6% relative to a fuel baseline standard of 
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94.1 gCO2eq/MJ5.  Supplying renewable hydrogen to the transport sector will contribute towards fuel 
suppliers meeting this target.  As with the contributions to the RED II targets set out in Table 9, the 
magnitude of the contributions to the 6% target will be small (approximately the same as the lower 
values estimates provided in Table 9).  According to the RED III proposal, Article 7a of the Fuel 
Quality Directive (FQD), which imposes the 6% carbon intensity reduction target on fuel suppliers, is 
to be deleted.  Given this, along with the record of non-compliance by fuel suppliers with the 6% 
target and the current government policy of increasing the penetration of renewable fuels in 
transport by increasing the biofuel obligation rate6, the focus of this report is on RED II. 

 

5.2 Comparison of technologies 

5.2.1 Renewable energy targets 

As set out in Figure 2 in Section 3.4.1, on a final energy basis, the fuel cell buses are, on average, the 
second most efficient technology (after electric buses).  This means that the potential contribution 
fuel cell buses could make to renewable energy targets is minimised, because fuel cell buses (as with 
electric buses) consume much less energy than diesel and CNG buses, on a final energy basis.  Table 
10 summarises the potential contribution each fuel could make to renewable energy targets under 
the various scenarios detailed in Table 9 and those from the phase one report. 

 
5 SI 160 of 2017, which transposes Article 7a of the Fuel Quantity Directive, imposes this requirement on fuel 
suppliers. 
6 Set out in the Renewable Fuels for Transport Policy Statement (https://www.gov.ie/en/policy-
information/168c6-renewable-fuels-for-transport-policy-statement/) 
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Table 10: Estimate contribution towards 2030 renewable energy targets 

Scenario 
Estimated contribution 

(percentage points) 

10% Electric 0.03 

50% Electric 0.17 

100% Electric (57% renewable grid) 0.34 

100% Electric (75% renewable grid) 0.44 

10% BioCNG 0.14 

50% BioCNG 0.70 

100% BioCNG 1.40 

10% HVO 0.07 

40% HVO 0.37 

100% HVO 0.74 

10% Renewable hydrogen 0.02 – 0.04  

50% Renewable hydrogen 0.09 – 0.18  

100% Renewable hydrogen Note 0.18 – 0.37 

Note: We have assessed hydrogen on the basis of it being produced by 
100% renewable electricity, because it is government policy to only 
support hydrogen produced for renewables, i.e. green hydrogen.  

 

5.2.2 GHG emissions 

Table 11 compares the energy efficiency of the fuels when consumed in buses, and their lifecycle 
and tailpipe carbon intensities.  Again, the comparison is complicated by the variance between the 
energy efficiency of the technologies.  Thus, to provide a fair comparison, we have done so on a per 
kilometre basis and included both lifecycle and tailpipe emissions.  To provide context for the scale 
of emissions, data for the Euro VI Dublin Bus is also included.  
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Table 11: Comparison of GHG emissions in 2030 

Fuel 
Consumption 

efficiency 
(MJ/km) Note 1 

Carbon 
Intensity – 

lifecycle 
(gCO2eq/MJ) 

Carbon 
intensity – 

tailpipe 
(gCO2eq/MJ) 

Lifecycle 
emissions 

(gCO2eq/km) 

Tailpipe 
emissions 

(gCO2eq/km) 
Source of carbon intensity data 

Electricity 5.1 59 0 301 0 2030 projection of achieving the 2030 Climate Action Plan (9) target of 70% 
renewables on the electricity grid. 

Hydrogen produced 
by grid electricity 
using an electrolyser  

6.2 92.9 0 576 0 Combination of electricity lifecycle carbon intensity factor (see above) and 
efficiency of the hydrogen production system set out in Table 1. 

Hydrogen produced 
by 100% renewable 
electricity using an 
electrolyser 

0 0 0 0 Assumed that renewable electricity is used to power all elements of the 
hydrogen production and distribution system.  The lifecycle GHG emission 
factor for compressed hydrogen in a fuel cell, using electrolysis fully 
powered by non-biological renewable energy, as set out in for Annex I, Part 
2 of Directive 2015/652, assumes that hydrogen compression and 
dispensing are powered by grid electricity. 

Diesel (Euro VI) 13.8 95.1 73.3 1,312 1,012 Annex I, Part 2 of Directive 2015/652 & SEAI emission factors 

Note 1: This is an estimate of the 2030 bus technology efficiency, based on trial data, which does not account for efficiencies achieved by improvements in engine technology. 

Note 2: CNG, BioCNG, HVO, biodiesel and diesel emission factors are available in the phase one report. 
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5.2.3 NOX emissions 

Fuel cell buses do not emit NOX.  Nevertheless, the three scenarios shown in Table 10 will still 
include a mix of diesel and diesel hybrid buses in 2030.  One of the assumptions set out in the phase 
one report was that older buses would be replaced at a rate of 90 buses a year; thus, the 2018 bus 
fleet would not be fully replaced until 2032 and some diesel and diesel hybrid buses would still be in 
use in 2030. 

Using the trial data on NOX emissions, as set out in the phase one report, we have estimated the 
likely tailpipe NOX emissions for the bus fleet for the three fuel cell bus scenarios. 

Table 12: Estimated tailpipe NOx emissions in 2030 

Scenario 
NOx emissions 

(tonnes) 

10% Renewable hydrogen 57 

50% Renewable hydrogen 33 

100% Renewable hydrogen 5 

 

5.2.4 Combined comparison 

Figure 6 compares the technologies on the basis of fuel consumption, lifecycle GHG emission and 
NOX emissions, summarising the data presented in the preceding sub-sections.  It shows how each 
fleet option would perform in 2030. 
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Figure 6: Comparison of options in 2030 
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6 COST BENEFIT ANALYSIS 

6.1 Overview 

The Government has committed to transitioning to a low emission urban public bus fleet to tackle 
transport emissions.  Diesel-only buses, as of July 2019, are no longer purchased for the urban public 
bus fleet.  As part of the phase one report, we considered fourteen different fleet investment 
options across various technologies and alternative fuel types.  The purpose of this assessment was 
to examine potential investment options by comparing the associated costs and benefits.   

As part of this second phase, we consider six additional fleet investment options and compare them 
to the investment options set out in the phase one report.  The six options are set out in Table 13. 

Table 13: Fleet investment options 

ID Option 

15 10% fuel cell Note 1; 90% diesel hybrid 

16 50% fuel cell Note 1; 50% diesel hybrid 

17 100% fuel cell Note 1 

18 10% fuel cell Note 2; 90% diesel hybrid 

19 50% fuel cell Note 2; 50% diesel hybrid 

20 100% fuel cell Note 2 

Note 1: Powered by hydrogen produced using grid electricity in an electrolyser 

Note 2: Powered by hydrogen produced using 100% renewable electricity in an electrolyser 

In addition, we include updated calculations for the electric bus scenarios – scenarios 1,2 and 3 – for 
the reasons outlined in Section 3.3.2. 

As before, we assume that the NTA continues to purchase new buses at approximately 90 buses per 
year and the buses purchased correspond to the investment options set out in Table 13.   

 

6.2 Appraisal period 

The assessment is considered over the same 14-year period (2019 – 2032) as was used in the phase 
one report. 

 

6.3 Costs 

6.3.1 Capital costs 

Buses 

The estimated price of a double-deck fuel cell bus is approximately €660,000 (2019 € prices), 
excluding VAT.  The estimated price is based on data provided by the NTA for purchasing three buses 
as part of a pilot programme for deploying hydrogen buses in Ireland.  Technology improvements 
and increased demand for alternative-fuel bus technologies will reduce the price gap between the 
different technologies over time.   
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Analysis by Hydrogen Mobility Ireland (internal communication with the NTA) projects that fuel cell 
bus prices will reduce to c.€380k when order volumes are in excess of 500 buses.  For the purposes 
of this analysis, we have assumed that this price is equivalent to the 2032 purchase price for fuel cell 
buses. 

Fuelling infrastructure 

The indicative cost of a 400 kg capacity fuelling station (operating at 350 bar) with two fuelling 
points is approximately €2 million, based on data provided by the NTA.  Using the average calculated 
efficiency of hydrogen buses (6.2 MJ/km), such a station would be capable of fuelling 7,700 bus km 
each day, or 2.8 million bus km per year.  This is equivalent to 4.9% of the total annual distance 
travelled by the Dublin Bus fleet in 2018. 

 

6.3.2 Operating costs 

Maintenance 

Bus Éireann envisages that the maintenance costs for operating a larger fleet of fuel cell buses would 
be comparable to that of a diesel fleet (c. €10 k per bus).   

Fuel 

Hydrogen is not supplied to the transport sector at scale.  Thus, unlike diesel, CNG or electricity, 
there are no forecourt prices available for H2.  Nor is there any readily available data on the price 
difference between hydrogen produced from grid electricity and hydrogen produced from 100% 
renewable electricity.  Consequently, we have calculated two prices: 

• The price of hydrogen produced from 100% renewable electricity; and  

• The price of hydrogen produced from grid electricity. 

Our calculations are based on hydrogen production cost and electricity price data from: 

• UK Department for Business, Energy & Industrial Strategy (BEIS) hydrogen production costs; 

• Ireland’s first Renewable Electricity Support Scheme (RESS1); 

• SEMO PX 7 integrated single electricity market database; 

• Hydrogen Mobility Ireland. 

In August 2021, BEIS published a report (16) on hydrogen production costs for different 
technologies, including electrolysis.  The report highlighted that the cost of producing hydrogen is 
highly dependent on the cost of electricity, if produced using grid electricity using an electrolyser.  In 
its central scenario, on average, electricity accounted for 81% of the levelized cost of producing 
hydrogen across the electrolyser technologies (solid oxide electrolysis, alkaline and proton exchange 
membrane).  

Given that the cost of electricity accounts for the majority of the cost of hydrogen, we examined the 
cost of renewable electricity in Ireland.  Ireland’s first Renewable Electricity Support Scheme (RESS 1) 
auction closed in April 2020.  The weighted average strike price for all successful projects was €74.08 

 
7 SONI Ltd (Northern Ireland) and EirGrid plc (Republic of Ireland) provide day-ahead auction and intraday 
markets for trading in the integrated single electricity market through the SEMO PX platform. 
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per MWh (and €72.92 per MWh for solar projects) (17).  This is effectively the price renewable 
electricity suppliers will be paid over the lifetime of these projects.   

Since electricity accounts for c. 81% of the price of hydrogen, and the efficiency of the hydrogen 
production system is c. 57% (refer to Table 1), the production cost of 100% renewable hydrogen 
could be in the order of €5.40 per kg: 

€0.07408 per kWh ×
1

81%
× 

1 

57%
×  120 MJ per kg H2 ×  0.278 kWh per MJ = €5.40 per kg 

This is consistent with analysis carried out by Hydrogen Mobility Ireland (HMI), which determined 
that hydrogen production costs will range from €3 per kg to €5.80 per kg in 2021, falling to between 
€2.80 per kg to €4.50 per kg by 2030 (17).   

In addition to cost of producing the hydrogen, the cost of operating the hydrogen refuelling station 
also needs to be included.  HMI calculates that a medium sized station (400 kg/day), with utilisation 
rates between 50% and 95%, can deliver hydrogen at a cost of between €2.10 per kg and €3.80 per 
kg. 

Combining the production and operating costs, HMI estimates that the ‘pump price’ of 100% 
renewable hydrogen, excluding grants and any credits derived from participating in the biofuels 
obligation scheme (BOS), could be in the order of €10.50 per kg in 2025 and €7.90 per kg in 2030.   

To calculate the price of hydrogen produced using grid electricity, we applied the percentage 
difference between the RESS 1 weighted average strike price (€74.08 per MWh) and the average day 
ahead market8 electricity price between October 2018 and September 2021 (€61.86 per MWh, 
based on analysis of SEMO PX data), which was c.20%. 

The estimated ‘pump prices’ for hydrogen produced using grid electricity and the prices of hydrogen 
produced using 100% renewable electricity are set out in Table 14.  

Table 14: Hydrogen prices 

Item 
Hydrogen produced using grid electricity 

Hydrogen produced using 100% 
renewable electricity 

2025 2030 2025 2030 

Wholesale price 
(€/kg) 

8.40 6.20 10.50 7.90 

Wholesale price 
(€/100 MJ) 

7.00 5.20 8.70 6.50 

Using this 2025 and 2030 data, we estimated the price of hydrogen over the 2019 to 2032 period by 
liner interpolation.  These estimates are shown in Figure 7. 

 
8 In Ireland’s integrated single electricity market (I-SEM), electricity producers typically sell electricity to 
suppliers on the day-ahead market. 
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Figure 7: Estimated hydrogen prices 

 

 

6.3.3 Shadow price of public funds 

A factor of 1.3 has been used as the shadow price of public funds, in line with recent DPER guidance 
(4). 

 

6.4 Benefits 

The potential environmental benefits, relative to the base case, are considered for each of the 
investment options in the context of CO2eq and NOX emissions (while fuel cell buses do not produce 
NOX emissions, there are diesel buses in the fleet in 2030 which will emit NOX).  The CO2eq emission 
factor for hydrogen produced from 100% renewable electricity is zero (refer to Section 5.2.2). 

In order to evaluate fuel cell buses powered by hydrogen produced from grid electricity, and taking 
into account national decarbonisation objectives for the electricity grid, we have estimated the CO2eq 
emission factors for electricity and hydrogen over the 2019 to 2032 period.  In the first instance, we 
determine the CO2eq emission factor for electricity.  As the study period extends to 2032 (refer to 
Section 6.2), the electricity factors have been estimated using two separate time periods: 

• 2020 to 2030. The time series was compiled using a linear interpolation between the 2020 
emission factor (100.3 gCO2eq/MJ, see Table 2) and a 2030 projection, which is based on 
achieving the 2030 Climate Action Plan (9) target of 70% renewables on the electricity grid. 

• 2030 to 2050.  The time series was compiled using a linear interpolation between the 2030 
projection and a 2050 projection of 11 gCO2eq/MJ, which is required to achieve the goal of an 
80% decarbonisation of the energy system. An ESB report, Ireland’s low carbon future – 
Dimensions of a solution, references a UCC modelling report (37) which states that 
generation carbon intensity needs to fall to 38 gCO2eq/kWh (11 gCO2eq/MJ) by 2050 to 
achieve this. 

The time series for CO2eq emission factors for grid-produced hydrogen was prepared by combining 
the electricity CO2eq emission factors and the hydrogen production system efficiency factors (refer to 
Section 2). 

As the focus of the analysis is on emissions from a national perspective, we consider lifecycle CO2eq 
emissions to be more appropriate. 
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6.5 Analysis 

The findings from our analysis are set out in Table 15.  (The inputs are summarised in Appendix 2.)  
The methodology for calculating these values is set out in the phase one report. 

Table 15: Cost Benefit Analysis for alternative-fuel buses (relative to base case investment) 

ID Option 

Present 
value costs 

(with 
shadow 

pricing) (€m) 

Present value 
benefits (€m) 

Net present value 
(PV benefits 

minus PV costs) 

Proportion 
factor Note 3 

1 10% electric; 90% diesel hybrid 92.1 11.3 (80.8) 8.2 

2 50% electric; 50% diesel hybrid 141.4 22.9 (118.5) 6.2 

3 100% electric 202.8 37.4 (165.4) 5.4 

15 10% fuel cell Note 1; 90% diesel 
hybrid 

127.4 10.1 (117.4) 12.6 

16 50% fuel cell Note 1; 50% diesel 
hybrid 

319.0 16.9 (302.2) 18.9 

17 100% fuel cell Note 1 559.7 25.3 (534.4) 22.1 

18 10% fuel cell Note 2; 90% diesel 
hybrid 

132.9 12.5 (120.4) 10.6 

19 50% fuel cell Note 2; 50% diesel 
hybrid 

346.6 29.1 (317.4) 11.9 

20 100% fuel cell Note 2 614.8 49.8 (564.9) 12.3 

Note 1: Powered by hydrogen produced using grid electricity in an electrolyser 

Note 2: Powered by hydrogen produced using 100% renewable electricity in an electrolyser 

Note 3: The ratio of the present values of the costs to the present value of the benefits. 

The key findings are as follows. 

• None of the options examined would give rise to a positive NPV, i.e. on purely an economic 
basis, none of the investments provide a better return than the base case.  
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• The analysis suggests that, in general, the following priority should be given to the 
technologies assessed (based on the proportion factors): 

1. Electric (proportion factor = 5.4) 

2. HVO diesel hybrid (6.5) 

3. BioCNG (8.2) 

4. Diesel hybrid (9.3) 

5. Hydrogen produced from 100% renewable electricity (12.3) 

6. Hydrogen produced from grid electricity (22.1) 

7. CNG (proportion factor not calculated as option gives rise to negative benefits – see 
phase one report) 

• All 9 options require greater investment than the base case option (replacing the current 
fleet with 100% Euro VI diesel buses). 

• While the three renewable hydrogen options (no. 18, 19, 20) have higher overall costs than 
the three options where the hydrogen is produced from grid electricity (no. 15, 16, 17) 
because of the higher fuel prices, they have higher overall benefits due to lower CO2eq 
emission factors. 

As there are varying levels of uncertainty associated with the input parameters used, we have 
carried out a sensitivity analysis on the 100% fuel cell option, in which the hydrogen is produced 
from 100% renewable electricity, to illustrate the sensitivity of changes in the input parameters.  We 
have also included an updated sensitivity analysis for the 100% electric bus scenario to account for 
the revision to lifecycle CO2eq emissions factors.  The inputs to the sensitivity analysis are provided in 
Appendix 3. 

 

6.6 Sensitivity analysis 

The results from the sensitivity analysis are provided in Figure 8 (100% electric) and Figure 9 (100% 
fuel cell using hydrogen producing using 100% renewable electricity).  Each tornado diagram 
illustrates the impact on the proportion factor of varying each input parameter – the wider the 
horizontal bars, the greater the impact.  In both cases, the proportion factor is calculated relative to 
the baseline fleet (100% Euro VI diesel).   
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Figure 8: Sensitivity analysis for 100% electric bus fleet 

 



Byrne Ó Cléirigh Consulting 
29 

Report on Diesel- and Alternative-Fuel Bus Trials – Addendum 

 

   

546-21X0181 Public Version  9 February 2022 
 

Figure 9: Sensitivity analysis for 100% fuel cell bus fleet (hydrogen produced using 100% renewable electricity) 
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Figure 8 and Figure 9 show that the biggest influences on the proportion factor for electric and fuel 
cell bus fleets are the CO2 damage costs and the efficiency of the vehicles.  The discount rate, bus 
purchase price and fuel prices (particularly for fuel cell buses) are also important factors for each 
investment option.  For fuel cell buses powered by hydrogen produced using 100% renewable 
electricity, increasing CO2 damage costs by 25% could give a proportion factor of 9.9, which is 
approaching the proportion factor of diesel hybrids.  Appendix 3 sets out the rational for varying the 
input values.  Maintenance costs, and the capital and operational costs associated with fuelling 
infrastructure, have less of an impact. 

 

6.7 Additional considerations 

Notwithstanding the high proportion factor, purchasing fuel cell buses will help Ireland to meet 
many of its national and EU targets, such as the requirement that 50% of ‘clean vehicles’9 procured 
between January 2026 and December 2030 must be zero-emission vehicles, as per the EU Clean 
Vehicles Directive (20), and Ireland’s recently published Climate Action Plan 2021 (21) that sets a 
requirement that all bus replacements by 2030 be low or zero carbon. 

Furthermore, recent research carried out by the Hydrogen Council suggests that building a hydrogen 
refuelling network alongside battery charging infrastructure is potentially cheaper than building 
charging infrastructure that is capable of covering all10 transport applications, particularly in areas 
that have high electricity demands, e.g. city environments (15).  The Hydrogen Council’s analysis 
suggests that, for fuel cell passenger vehicles, if 10% of vehicles are fuel cell, with the remainder 
electric, the costs of building a hydrogen refuelling network are offset by the reduced necessary 
upgrades of the electricity grid in high-demand areas (particularly due to reductions in substation 
and cabling capital expenditure).  The research also suggests that the effect is even greater for 
commercial vehicles, albeit the vehicle costs do not appear to have been accounted for in the study. 

Other important considerations for fuel cell buses are the operational advantages offered by greater 
vehicle range and quicker refuelling times, when compared to electric buses.  Our phase one report 
showed the range of a fully charged electric bus was between 150 km and 200 km – the phase 2 
trials show that fuel cell buses could travel up to 500 km on a full tank, which is comparable to a 
diesel bus.  We estimated that electric buses take approximately 4 to 5 hours to charge – fuel cell 
buses are capable of being refuelled in less than 30 minutes, when appropriate infrastructure is in 
place.  Notwithstanding these advantages, the time to charge an electric bus and its range are 
functions of the battery capacity, the capacity of the power supply, and the maximum power output 
of the bus charger, so there are opportunities to increase the range and reduce the charge times of 
electric buses. 

Another consideration is the flexibility of hydrogen as an energy carrier and the potential for its use 
in sectors that otherwise would be difficult to decarbonise via electrification.  It could be used: 

• to facilitate the integration of high levels of variable renewable energy (wind and solar) into 
the energy system and become a source of long-term energy storage for renewable 
electricity (22);  

• in transport applications that are difficult to electrify;  

 
9 A ‘clean vehicle’ is defined as one that uses ‘alternative fuels’, as defined in the Alternative Fuels 
Infrastructure Directive, i.e. electricity, hydrogen, sustainable biofuels, synthetic and paraffinic fuels, CNG, 
BioCNG, LNG, BioLNG and LPG.  In the case of vehicles using liquid biofuels and synthetic and paraffinic fuels, 
they cannot be blended with conventional fossil fuels.   
10 This includes transport applications that require long ranges with short refuelling times. 
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• as a replacement for natural gas;  

• to capture wind energy that would otherwise be curtailed.   

In relation to the final bullet, as the share of wind power increases, physical and economic 
constraints can result in the power system curtailing wind energy production.  This has a price: 
renewable energy is wasted, and since it cannot be supplied to the market, it has to be substituted 
with other resources such as fossil fuel, which can increase electricity costs and GHG emissions.  
Alternatively, instead of curtailing wind energy production, it could be used to produce hydrogen 
from which electricity and heat could be produced, or it could be used in a fuel cell vehicle (24). 

 

7 CONCLUSIONS 

7.1 Energy efficiency 

The results from trials show that the fuel cell buses are the second most energy efficient technology 
(after electric buses) on a final energy basis.  This is, however, somewhat misleading.  Because 
hydrogen produced via an electrolyser requires electricity to produce it, a primary energy efficiency 
comparison is more meaningful.   

On a primary energy basis, fuel cell buses powered by hydrogen produced from 100% renewable 
electricity are as energy efficient as diesel hybrid buses.  However, the efficiency of fuel cell buses 
powered by hydrogen produced by grid electricity are comparable with the older Euro IV and Euro V 
diesel buses.  With increasing renewable energy penetration on the electricity grid, it would be 
expected that the overall efficiency of electricity production will improve and thus, on a primary 
energy basis, the efficiency of fuel cell buses powered by hydrogen produced from grid electricity 
will also improve.   

 

7.2 Contribution to renewable targets and emission reductions  

RED II sets a 14% renewable energy target in transport for 2030.  Given that public buses consume 
around 1% of national road transport energy, the potential contribution towards national renewable 
energy targets by increasing renewable energy in the public bus fleet is limited, as is reducing 
emissions.  Notwithstanding this, increasing renewables in the public bus fleet will support achieving 
renewable energy and emissions reduction targets, as well as demonstrating leadership in the 
transport sector.   

We examined several fuel cell technology penetration scenarios, ranging from replacing 10% to 
100% of existing fleet with fuel cell buses.  Like electric buses, the contribution to the 2030 
renewable energy target from fuel cell buses is minimal, primarily because the buses are more 
efficient than other bus technologies.  An entire fleet of fuel cell buses could contribute, at most, 
0.37pp, if the hydrogen was produced from waste/residual biomass listed in Annex IX, Part A of RED 
II.  Hydrogen produced in an electrolyser using 100% renewable electricity could contribute 0.18pp. 

 

7.3 Cost benefit analysis 

We carried out a cost benefit analysis on fuel cell buses using two different types of hydrogen: 
hydrogen produced using grid electricity and hydrogen produced from 100% renewable electricity.  
We also updated our analysis of electric buses to account for revised electricity lifecycle GHG 
emission factors.  In total, nine investment options were assessed in phase two relative to a baseline 
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fleet comprised entirely of Euro VI diesel buses (twenty options were assessed across the two 
phases).  All the options examined required greater investment than the base case.   

The analysis found that, in general, the following priority should be given to the technologies:  

1. Electric 

2. HVO diesel hybrid  

3. BioCNG 

4. Diesel hybrid  

5. Fuel cell powered by hydrogen produced from renewable electricity  

6. Fuel cell powered by hydrogen produced from grid electricity 

7. CNG.   

Fuel cell buses perform poorly relative to the base case because the lifecycle GHG emission factors 
(in the case of hydrogen produced from grid electricity) are high, the cost of the hydrogen is 
significantly greater than that of all the other fuels, and we do not foresee the purchase price of a 
fuel cell bus reaching parity with other technologies within the time frame of the assessment.  The 
primary reason for all these shortcomings is the maturity of hydrogen as a transport fuel: there is 
very little indigenous hydrogen production, most of the global production is currently from natural 
gas, there is no distribution infrastructure and fuel cell vehicle production is in its infancy.  While fuel 
cell buses provide a greater vehicle range and have relatively fast fuelling times, these merits were 
not considered in the cost benefit analysis as they are not readily monetised.  

A sensitivity analysis carried out on the 100% fuel cell fleet powered by hydrogen produced using 
100% renewable electricity showed that the biggest influences on the proportion factor are the CO2 
damage costs, the efficiency of the vehicles and the fuel costs.  In other words, if the price of carbon 
was to increase and the cost of renewable hydrogen was to reduce, the proportion factor would 
reduce making fuel cell buses a more appealing proposition on a cost benefit basis. 

 

7.4 Additional considerations 

Notwithstanding the findings from the cost benefit analysis, there are additional factors that will 
influence the investment decision. 

• In general, fuel cell buses offer greater operational flexibility over electric buses, i.e. they can 
travel longer distances and have shorter refuelling times.   

• Purchasing fuel cell buses will help Ireland to meet many of its national and EU obligations.  
Fuel cell buses are categorised as zero-emission vehicles under the Clean Vehicles Directive.  
While vehicles powered by HVO and biomethane are viewed more favourably from a cost 
benefit analysis perspective (relative to hydrogen), neither of these technologies will meet 
this threshold. 

• Hydrogen is a flexible energy carrier and could be used in a variety of sectors that otherwise 
would be difficult to decarbonise via electrification.  For example, fuel cell vehicles may be a 
more appropriate solution where developing and operating an electric bus is challenging, 
such as for long-distance coach services.   

• Hydrogen could be produced from wind energy that would otherwise be curtailed.  The 
hydrogen could then be used to produce electricity or heat, or supplied to fuel cell vehicles. 

ooo000ooo 
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APPENDIX 1: TEST VEHICLES 

ID Type Fuel Type 
Fuel cell tank capacity 

(kg) 
Fuel cell tank pressure 

(bar) 

HYD1 Single Fuel cell 37.5 350 

HYD2 Double Fuel cell 26.9 350 

 

Bus Technology Zemo Partnership (2) Definition 

Hydrogen fuel cell Hydrogen buses use a hydrogen fuel cell to power an electric motor that provides propulsion.  The fuel cell converts the chemical energy 
from hydrogen into electrical energy and releases only water vapour.  Hydrogen is stored in cylinders on the bus.  Different technical 
solutions exist for the main architecture of the fuel cell bus powertrain.  It can comprise fuel cell stacks as a direct energy source for 
propulsion in combination with super-capacitors and different sizes of lithium ion batteries as energy storage.  To achieve sufficient electrical 
power to propel a vehicle, multiple cells have to be compiled into a fuel cell stack.  The leading fuel cell type for automotive applications is 
the polymer electrolyte membrane fuel cell.  
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APPENDIX 2: INPUTS FOR CBA ON ALTERNATIVELY-FUELLED BUSES 

Input Variable Year 
Hydrogen  

(produced using 
grid electricity) 

Hydrogen  
(produced using 

renewable 
electricity) 

Capital cost: bus (€/bus) 2019 663,430 663,430 

2032 380,000 380,000 

Capital cost: fuelling infrastructure 
(€m/400 kg refuelling station) 

- 2 2 

Operating cost: fuel (€/100MJ) 2019 9.09 11.36 

2032 4.49 5.62 

Operating cost: maintenance (€/bus/year) 2019 10,344 10,344 

2032 10,344 10,344 

Operating cost: maintenance 
(€/station/year) 

- 60,000 
(3% of CAPEX) 

60,000 
(3% of CAPEX) 

NOX emissions (g/km) - 0 0 

Environmental benefit (€/tonne NOX) - 9,951 9,951 

Emission factor (gCO2eq/MJ) 2019 195.6 0 

2032 84.7 

Environmental benefit (€/tonne CO2eq) 2019 20 20 

2032 110 110 

Appraisal period (years) - 14 14 

Annual bus replacements - 15 (Bus Éireann), 72 
(Dublin Bus) 

15 (Bus Éireann), 72 
(Dublin Bus) 

Annual distance travelled (‘000 km)  - 10,176 (Bus 
Éireann), 57,072 

(Dublin Bus) 

10,176 (Bus 
Éireann), 57,072 

(Dublin Bus) 

Discount rate (%) - 1.5 1.5 
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APPENDIX 3: SENSITIVITY ANALYSIS INPUTS FOR CBA ON ALTERNATIVELY-FUELLED 

BUSES 

Parameter 
100% Hydrogen 

Central value Range 

Capital cost, bus (€/bus) 663,430 
(2032 price = 380,000) 

380,000 price achieved 
between  

2028 (lower)and 2036 
(upper) 

Capital cost, fuelling infrastructure (€m/station) 2 1.5 – 2.5 

Operating cost, fuel (€/100MJ) 11.36 – 5.62 
(2019 to 2032) 

5.57 – 5.24 (lower) 
17.04 – 9.75 (upper) 

Operating cost, maintenance (€/bus/year) 10,344 10,344 – 18,480 

Operating cost, maintenance (€/station/year) 60,000 
(3% of CAPEX) 

45,000 – 75,000 

NOX emission factor (g/km) 0 0 

NOX damage cost (€/tonne NOX) 9,951 11,707 – 5,688 

CO2eq emission factor (g/MJ) 0 9.1 (lower) 
0 (upper) 

CO2eq damage cost (€/tonne CO2eq) 20 – 110  
(2019 to 2032) 

25 – 138 (lower) 
15 – 83 (upper) 

Fleet efficiency (MJ/km) 6.2 5.8 – 6.9 

Discount rate (%) 1.5 0.0 – 4.0 
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