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0. About the NewBusFuel Project
Hydrogen buses are recognised as one of very few routes to the full decarbonisation of public
transport in cities. This project aims to fill a major gap in the existing knowledge base around the
refuelling of hydrogen at a bus depot scale. Existing hydrogen refuelling stations (HRS) have been
designed and operated with maximum fuelling capacities in the 100s of kg/day supplying up to 15
buses. For hydrogen to be a viable fuel for bus operators in the medium term, solutions are required
which can provide fuel for 100s of buses. This implies fuelling requirements of 1,500 kg/day and
above.
Providing fuel at this scale creates new challenges which have only been tackled in the most
theoretical fashion by the hydrogen industry. There is a considerable knowledge gap around the
designs, processes and safety implications of providing hydrogen refuelling on this scale. A large panEuropean consortium has assembled to develop solutions to these challenges. The consortium
carried out engineering studies for 13 different large scale hydrogen fuelling station designs at 12
different sites in seven European countries.
There are four main project objectives, which can be prioritised in the order below:


Produce 13 engineering studies which define the optimal designs, hydrogen supply routes,
commercial/ownership arrangements and the practicalities involved in refuelling very high
volumes of hydrogen at a variety of busy bus depots across Europe.



Prepare a range of publicly accessible, design guideline reports based on analysis by the
engineering studies which are carried out. The diversity and the number of studies carried
out will allow a comprehensive engineering data set to be assembled. A comprehensive
program of evaluation of the engineering dataset will allow the production of valuable
learning for the European bus sector.



Kick start the large scale bus deployment projects which are required for the next stage of
the commercialisation process. The study sites have been selected to be located in Europe’s
most proactive hydrogen bus deployment regions. In each region, the study will enable the
operators and their industrial partners to make steps towards their next wave of hydrogen
bus deployment.



Disseminate the results to a wider audience in order to ensure that the challenge of
hydrogen fuelling for buses is not seen as a credible reason to delay engagement with the
technology.
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1. Introduction and objective of the report
Hydrogen fuel cell buses are widely acknowledged as an effective technology for reducing the
environmental impact of public transport. They have two major benefits. Firstly, they do not emit any
of the major airborne pollutants during operation, most importantly no emissions of mono-nitrogen
oxides and particulate matter – NOx and PM). Secondly, hydrogen can be produced from various
sources. If energy from renewable sources is used for the production of hydrogen, the emission of
greenhouse gases (GHG) caused by public transport can be reduced significantly.
The NewBusFuel project focusses on the hydrogen refuelling stations (HRS) that are required at a
larger scale for refuelling hydrogen to fuel cell bus fleets deployed in public transport. For all 13 case
studies that were conducted within the project (see Figure 1), suitable solutions were developed
taking into account all project specific requirements and constraints, such as the local topography,
the local climate conditions, the planned ramp-up of the fuel cell bus fleet, the typical daily bus
operating range, the resulting hydrogen demand and its development over the years, time
limitations with respect to the bus refuelling window, the required refuelling speed, space
constraints at the bus depot and many other aspects with influence on the technological HRS
concept as well as on financial and organizational characteristics of the HRS. There was a large
variation of these parameters across the whole 13 proposals resulting in very diverse solutions for
the HRS design and its operation regime.
Because of these large variations among the potential bus operators’ requirements, this Deliverable
assesses the requirements in detail that were reported by the bus operators participating in
NewBusFuel. Parameters have been highlighted where there was a broad consensus or where the
individual requirements vary. The resulting information is intended to facilitate the identification of
common standards for future tenders within the industry.
In Section 2, the process of data collection that represents the basis of the analyses in this report is
explained. Section 3 provides the figures of the assessed requirements and other aspects required by
the bus operators within NewBusFuel. These are analysed and interpreted within Section 4 and
Section 5 summarises this document.
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Figure 1 Participants of the 13 case studies within the NewBusFuel project
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2. Data collection for this report
The bus operators’ requirements were collated from different sources. The first was a questionnaire
that was distributed by EvoBus in August 2015. EvoBus initiated the work in Task 3.1 that was
finalised by thinkstep. This questionnaire is shown in Annex A.
Two other sources of information from Task 4.1.1 were also used. The first is the Initial Options
Assessment template. This is a questionnaire on project requirements and the related influences on
the HRS concept and design chosen (Annex B). The participants submitted their answers at the
beginning of the NewBusFuel project. The second questionnaire focussed on the Final Engineering
Design of the HRS solutions in each case study (Annex C). This information was collected at the end
of the NewBusFuel project.
The answers received within these two questionnaires enabled changes to the HRS requirements
during the project to be identified.
Individual interviews, both face to face and online, were conducted with the study leaders of all case
studies. In some cases, the bus operator also participated in these interviews, or a dedicated
interview was scheduled with the bus operator as an additional source of information.
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3. Analysis of the bus operator requirements
This section addresses the information on the bus operators’ requirements (see Section 2). The
various aspects are subdivided in four groups, i.e. those affecting the H2 demand, those related to
the ramp-up of the fuel cell bus fleet, those describing the refuelling regime, and characteristics of
the HRS design. It is important to note that the data reported by each case study was anonymised to
protect any sensitive and confidential information provided. For this reason, the estimates that are
included in this section do not relate to the order of the case studies. Instead, the estimates reported
for each aspect are sorted by increasing values, and there is no correlation between figures.
Therefore no conclusions on a particular case study are possible.
Because two studies were conducted for the city of Hamburg following two different HRS
approaches, i.e. on-site hydrogen production and hydrogen delivery, the requirements of this bus
operator are only taken into account once in order to avoid double-counting in the following
analysis.

3.1 Aspects affecting the H2 demand
Obviously, one of the most important parameters influencing the overall hydrogen demand is the
number of buses in the bus fleet. In this regard, it is important to differentiate between the initial
fleet size and the target fleet size that are considered at the first and at the final HRS extension step.
Figure 2 illustrates the number of fuel cell buses deployed in the bus fleet at the beginning of the
assumed introduction of FC buses across all case studies. Half of the proposed initial fleet size are
around 20 buses. While there are several bus operators which consider 10 or even less buses for the
start of the HRS extension process, there are three case studies considering significantly more than
20 buses for the initial fuel cell bus fleet. One bus operator also assumes the use of trolleybuses in its
bus fleet, which are powered by overhead wires and using a fuel cell as a range extender.
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Figure 2 Initial fleet size of bus operators

Figure 3 shows the desired fleet size at the final stage of the HRS and bus fleet extension process.
Most of the bus operators are planning a final fleet size in the range of 75 to 120 H2 buses, while
some are planning a fleet size of 200 or even more buses. Less than 50 buses, however, is rather an
exception.
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Figure 3 Target fleet size of bus operators

The assumed hydrogen consumption of 12 m buses does not show a significant variation across the
case studies (see Figure 4). Most bus operators assume a consumption of around 9 kg H2/100 km.
Nevertheless, some exceptions did consider a hydrogen consumption of up to 12 kg H2/100 km. Only
eight case studies provided a specific consumption estimate for 12 m buses.
H2 consumption - 12 m bus
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Figure 4 Assumed H2 consumption of 12 m buses
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There is a larger variation of the assumed hydrogen consumption of 18 m buses, ranging between
11.5 and 15.6 kg H2/100 km (see Figure 5). However, most studies assume a consumption in the
range of 14 – 15 kg H2/100 km. Only seven case studies provided a consumption estimate for 18 m
buses.

H2 consumption - 18 m bus
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Figure 5 Assumed H2 consumption of 18 m buses

Most of the bus operators plan for a daily range between 230 and 250 km per bus (see Figure 6).
Three operators are planning for an average daily range below 230 km down to an average daily
range of 155 km. Three bus operators plan with significantly higher daily ranges of 350 km up to
450 km.
Daily operating range per bus
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0
Figure 6 Daily operating range per bus

The above assumptions for the bus operation determine the daily H2 consumption per bus. While
four bus operators require 18 – 25 kg H2/bus each day, another four bus operators estimate their
daily H2 demand per bus to be 30 kg H2 (see Figure 7). Two bus operators consider a consumption
per bus of 35 kg H2/day or slightly beyond.
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H2 demand per bus and day
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Figure 7 Daily H2 demand per bus

There is also a large variation in the operating days per year per bus. While some bus operators
consider their buses to be in operation 240 – 250 days per year, others aim for a continuous
operation for all days of the year (see Figure 8).
Operating days per bus
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Figure 8 Operating days per bus per year

Figure 9 shows the average daily hydrogen demand for the initial size of the hydrogen bus fleet. The
range is almost one order of magnitude. While most bus operators assume an initial hydrogen
demand of 300 – 600 kg H2/day, two studies consider the consumption of more than 1,000 kg
H2/day already for the initial fleet size.
Total H2 demand per day (initial fleet size)
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Figure 9 Total H2 demand per day for initial fleet size
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As Figure 10 indicates, the variation across the case studies is smaller for the daily hydrogen
consumption of the final size of the fuel cell bus fleet. Most studies consider a daily hydrogen
demand in the range of 1,500 – 3,000 kg H2, whereas some bus operators assume a consumption of
as much as 6,000 kg H2 each day.
Total H2 demand per day (target fleet size)
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Figure 10 Total H2 demand per day for target fleet size

3.2 Aspects related to the ramp-up of the fuel cell bus fleet
The approach for ramping-up the fuel cell bus fleet together with the extension steps of the related
hydrogen infrastructure is very individual from site to site. One indicator characterising the bus fleet
ramp-up is the duration of the ramp-up process. As Figure 11 indicates, most studies plan for a rampup of 5 – 10 years, while one study considers a duration of only one year and another assumes a
duration of more than 20 years.
Duration of ramp-up phase
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Figure 11 Duration of ramp-up phase

Figure 12 illustrates the average annual increase of fuel cell buses in the bus fleet. Most case studies
assume an average yearly increment of 4 – 10 new fuel cell buses in the fleet, while two studies
consider to extend their number of fuel cell buses by an average of more than 20 new buses per
year.
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Average annual bus fleet growth
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Figure 12 Average annual bus fleet growth

Another interesting aspect of the ramp-up strategy is the number of extension steps of the fuel cell
bus fleet. As Figure 13 illustrates, most studies plan to ramp-up in 2 – 4 extension steps, which often
are also applied to the HRS infrastructure. Other studies, especially the ones with a larger number of
fuel cell buses in the fleet, assume up to 10 extension steps.
Number of steps for the bus fleet ramp-up
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Figure 13 Number of steps for the bus fleet ramp-up

3.3 Aspects related to the refuelling process
Bus operations are often the backbone of a public transport system. Accordingly, the refuelling
availability required by all case studies is 98 % or greater. Three case studies specify the refuelling
availability to be 99.9 %, while four studies assumed 100 % refuelling availability (see Figure 14).
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Refuelling availability
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Figure 14 Refuelling availability

All studies consider the refuelling of hydrogen to fuel cell buses at a target pressure level of 350 bar.
One case study also plans to integrate a dispenser for refuelling hydrogen fuel cell cars at 700 bar.
Large variations exist across the case studies with respect to the duration of the refuelling window
for the final fleet size. Whereas one study considers its entire fleet could be refuelled within 2 hours,
others provide a refuelling window with a duration of 8 hours. Most studies, however, aim for
refuelling the entire fuel cell bus fleet (in its final size) within 4 – 6 hours.
Duration of the refuelling window
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Figure 15 Duration of the refuelling window

The individual durations of the refuelling windows for refuelling bus fleets of different sizes, results in
a large variation of the number of buses that need to be refuelled per hour (Figure 16). The extreme
values range from a minimum of four and a maximum of 50 buses that need to be refuelled within
one hour. Half of the case studies assume the refuelling of 8 – 14 buses within one hour.

Grant agreement no.
671426

18/40

09.02.2017

D 3.2 – Common bus operator requirements

NewBusFuel

Number of buses to be refuelled per hour
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Figure 16 Number of buses to be refuelled per hour

Another important parameter related to the refuelling regime is the back-to-back refuelling time per
bus. As Figure 17 indicates, there is a large variation with respect to the time available for refuelling
one bus, ranging from only 5 minutes to as much as 30 minutes. The case study that assumes the
slow-fill of a large number of buses in parallel is outside of this range. Most studies consider a
duration of 10 – 20 minutes for the back-to-back refuelling of one bus. This time includes

min/bus

manoeuvring the buses and handling the dispenser.

slow-fill
30
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22 24

20
10

9 10

13 14 14 14

17

5

0
Figure 17 Average back-to-back refuelling time

Accordingly, the case studies assume very different refuelling speeds. Except for one case study with
very high hydrogen refuelling speeds and the slow-filling case study, all other studies consider a
refuelling speed in the range of 1.2 – 2.6 kg H2/min.
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Refuelling speed per dispenser (back-to-back)
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Figure 18 Back-to-back refuelling speed per dispenser

The refuelling speed used and the number of buses that need to be refuelled within a certain
timeframe determine the number of dispensers necessary at the HRS. Most studies assume the use
of 2 – 4 dispensers in the final extension stage of the HRS, excluding additional ones that may be
installed to provide redundancy. Some studies, including the slow fill concept, consider the

# of dispensers

installation of significantly more dispensers.
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Figure 19 Number of dispensers (w/o redundancy)

A similarly relevant aspect of the refuelling regime is the distribution across the day of the refuelling
activities. Most bus operators consider bus refuelling between 8 pm and 2 am (Figure 20). However,
the early morning hours before the buses begin their operation also seem to be attractive for the bus
refuelling.
Only two studies consider multiple refuelling windows throughout the day. All other studies consider
only one daily refuelling window (Figure 21).
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Figure 20 Bus refuelling throughout the day
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Figure 21 Visualisation of the bus refuelling windows throughout the day

Most studies desire the refuelling to take place according to SAE J2601-2, which specifies the
refuelling of buses at a pressure level of 350 bar (see Figure 22). The SAE standards for hydrogen
refuelling are widely recognised and often used by the bus operators for specification. Of those, 5
case studies also specify the refuelling connection device to be according to ISO 17268. Three case

# of studies

studies consider a proprietary protocol for the refuelling process.
Refuelling protocol
10
8
6
4
2
0

8
5

3

2

SAE J2601-2 SAE J2601- Proprietary
2, ISO
protocol
17268

None

Figure 22 Chosen refuelling protocol

Four studies consider communication between the dispenser and the bus vehicle according to
SAE J2799, whereas one case study considers infrared communication without specifying the
communication standard. Most case studies do not specify this issue (Figure 23).
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Figure 23 Chosen communication protocol

Figure 24 shows the specifications of the case studies with respect to the hydrogen purity. Most
studies ask for 5.0 H2, which refers to a purity of 99.999 %. Four studies require hydrogen in
compliance with the strict SAE J2719 standard, while only two studies apply the ISO 14687-2
standard for PEM fuel cells.
H2 quality
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Figure 24 Required H2 quality

3.4 Aspects related to the HRS design
Although the specifications of a HRS ideally focus on the outcome of the HRS performance instead of
on technical parameters (see [NBF – D4.2.1], [NBF – D4.2.2]), there are some key characteristics of
the HRS design that are dependent on the specific requirements of the bus operator. One of these is
the capacity of the hydrogen storage at the HRS which is often determined by internal rules or local
regulations, such as for general community safety.
The assumed storage capacity was reduced during the project by many case studies mainly with the
aim of achieving cost reductions. Most case studies assume a capacity of the hydrogen storage in the
range of 2.5 – 5 t H2. Nevertheless, some studies assume significantly larger amounts to be stored at
the HRS (Figure 25).
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Figure 25 Storage capacity for final fleet size (end of NewBusFuel)

Relating the amount of stored hydrogen with the daily hydrogen consumption indicates the
autonomy that is provided by the hydrogen stored at the HRS site. Most of the case studies assume
an autonomy of 1 – 2.5 days to be provided by the hydrogen storage. However, the two ends of this
parameter range from less than one day to more than four days (see Figure 26).
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Figure 26 Storage autonomy for final fleet size (end of NewBusFuel)

An important aspect that can play a decisive role in the selection of the appropriate technology for
on-site hydrogen production is the demand for electric power. Figure 27 shows the required electric
power for the final fleet size at HRS with on-site steam reforming or using delivered hydrogen (on the
left) and HRS with on-site electrolysis (on the right). The difference is very significant. While HRS
designs with on-site steam reforming and delivered hydrogen require several hundred kW (up to
almost 1 MW), the electric power demand of the HRS concepts with on-site electrolysis require
several MW up to 26 MW. This may pose significant challenges to the capacity of the electric grid
connection and the required voltage level.
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Figure 27 Electric power demand with and without on-site electrolysis

Similar influence on the HRS concept may arise from the footprint that is available at the bus depot
for the hydrogen facilities. Figure 28 illustrates the overall HRS footprint of the case studies. There
are significant differences in the overall HRS footprint due to the individual project circumstances.
Whereas some case studies need to integrate their HRS concept into an existing bus depot that may
also be used by conventional diesel buses, other studies could start from scratch at a greenfield site.
For this reason, the variation across the case studies ranges from about 400 m² to almost 7,000 m².
Nevertheless, half of the HRS are assumed to occupy a space of approximately 1,000 – 2,000 m².
Overall HRS footprint
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Figure 28 Overall HRS footprint

The specification of the hydrogen target cost is one of the most important aspects. The individual
situation of each bus operator, such as local regulations or diesel prices, influences the acceptable
cost for hydrogen. Despite these differences, the range of target hydrogen cost is not large and
mostly between 4 – 6 €/kg H2 (see Figure 29).
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Figure 29 H2 target cost for final fleet size
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4. Interpretation and Outlook
4.1 Interpretation of the case studies conducted within NewBusFuel
Due to the individual circumstances and constraints of each HRS project and the large variations that
may exist, every HRS project is unique and needs individual customisation. The most important
influence are the requirements defined by the bus operator, such as the number of fuel cell buses to
be refuelled, their operation regime, the required refuelling regime, the desired storage autonomy
and many more. Since they can vary significantly from one bus operator to another, this leads to the
diversity of the HRS project requirements.
On the other hand, there are several aspects that are quite similar for most case studies conducted
within the NewBusFuel project. These include


the expected fuel consumption for the buses which is approximately 9 kg H2/100 km for a
12 m bus and 14 – 15 kg H2/100 km for a 18 m bus,



the required compliance standards for the refuelling protocol, commonly SAE J2601-2, and
the connection device according to ISO 17268



the communication between vehicle and dispenser, and



the hydrogen quality.

Further,


The reliability of the refuelling station is required to be > 98 % for all case studies.



There was broad consensus that the minimum FC bus fleet size should not be below 10 buses
to make good use of the capacity of the HRS at its initial stage.

Other interesting insights are derived from changes of the bus operators’ requirements during the
project. One central requirement that was adjusted during the project was the amount of hydrogen
stored at the HRS site. The considered storage capacity and accordingly the autonomy provided by
the hydrogen storage was reduced from an average of about three days to approximately two days.
The main reason for this was to achieve cost reductions. It seems likely that the storage initially
specified was influenced by the practices when handling diesel, and the knowledge acquired over the
course of the NewBusFuel project led to this requirement adjustment.
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This example demonstrates that outcome-focussed requirement specifications are generally more
suitable than specifications of particular technical parameters. Instead of specifying a minimum
storage capacity, it is more appropriate to demand a minimum refuelling reliability independently
from the used technologies. Enforcement of reliability can also be enabled through mechanisms such
as a suitable contractual framework.
Providing flexibility with respect to the requirements instead of defining rigid thresholds and limits
helps to use the infrastructure more efficiently, which improves the technical performance of the
HRS and reduces the related costs. This flexibility should not only be provided to the technical
aspects of the HRS design, but also to its operation (for more information see [NBF – D4.2.1], [NBF –
D4.2.2]).

4.2 Technological Outlook
All case studies consider the use of hydrogen fuel cell buses which means that the only source of
energy is the hydrogen refuelled to the bus tank. One case study also considers the use of
trolleybuses equipped with a fuel cell to allow them to leave the overhead powerlines.
Another option for the future urban bus powertrain technologies is the combination of a high voltage
battery and the use of a fuel cell as a range extender (REX) to achieve the range required by the bus
operators. This means that the resulting hydrogen demand would decrease considerably and may be
only about half or less of the amount determined within the case studies. If the storage capacity of
batteries improves further, the fuel cell powertrain could potentially be downsized even more than
what seems possible today. However, the high voltage battery in these buses needs to be charged for
which additional charging infrastructure is necessary.
This demonstrates how the decision on which vehicle concept is deployed in the future is of decisive
importance for the hydrogen demand of bus fleets. The use of REX buses can also have a general
positive effect on the approval, the regular monitoring obligations as well as the safety distances to
be considered when implementing an HRS, since a smaller amount of hydrogen needs to be stored
and handled at the bus depot.
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5. Summary
This document addressed the requirements defined by the bus operators within the case studies of
the NewBusFuel project. These are the most important determinants for the HRS design and its
operation. The data collected for the individual parameters demonstrated that most requirements
vary significantly. Broad agreement on specification of individual parameters exist only for a few
aspects such as high reliability requirement, refuelling protocols, the required hydrogen quality and
the considered hydrogen consumption of fuel cell buses.
One key conclusion is that it is beneficial to specify outcomes instead of technical parameters as this
allows a larger variety of solutions and presumably leads to lower costs. This also decreases the risk
of specifying an HRS according to preconceived ideas derived from experience with diesel.
The variety of bus operators’ requirements combined with the recommended flexible specification
definition leads to a large range of different options with respect to the HRS design and operation. In
order to find the optimum solution for a specific HRS project these need to be assessed individually.
Due to this need for individual customisation the potential for standardising the design of an HRS is
still rather low at this stage. More standardisation, both on the demand and on the supply, may
develop in the future, after the market has grown to a sufficient size and the most promising HRS
concepts have been extracted from the current range of options.
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Annex A: Questionnaire for task 3.1 - Constraints and requirements
from bus operators

Operational
boundary
conditions

Technical specification

Unit

Example for requirement

Number of buses to be refuelled (target fleet)
Number of buses to be refuelled (initial fleet)
Planned fleet ramp up (incremental steps)

#
#
#

> 50 in 2022
10 in 2018
10 buses per year
2 x 8,5 hours
(incl. 2 x 1,5 hours drivers break)
250 km
280 days
pressure cascade
max. 35 kg/Bus / 5 buses
15 min.
18 min.
5 min.
24/7 or
2 time windows (4-6 am, 12-5 pm)
24/7 or
2 time windows (4-6 am, 12-5 pm)
for target fleet size 10 buses per
hour, initial fleet: 2 buses per hour
min. 3, 2 for regular operation, 1
redundancy
no

Operating hour per bus per day

hour

Operation range of bus per day
Operating days per bus per year
Type of refuelling
Vehicle refuelling pressure
Rated capacity / number of buses
Rated duration for filling one bus
Rated duration for filling last bus
Rated wating time betwenn filling two buses

km
#
bar
#
min

Likely refuelling slots for buses

hour

Likely refuelling slots for fuel delivery
Refuelling capacity
Hydrogen
refuelling
infrastructure
and interfaces to
the vehicle

Minimum number of refuelling points /
dispensers
Fuelling with infrared-interface
Operating temperature of refuelling
infrastructure (range)
Hydrogen metering at the dispenser
Accuracy of the hydrogen meter
Required hydrogen purity
Required refuelling protocol
Required refuelling communication
Moisture
Safety distances for vehicles
Maximum height
Footprint / max. space available on depot
- hydrogen production
- hydrogen storage
- hydrogen refuelling station
Target cost for hydrogen
Request for penalties if availaibility is not
Approval procedures

Local (safety) Limitations / additional requirements
regulations and
standards for
buses
Training and safety education requirements
for depot staff or bus drivers

Grant agreement no.
671426

min

hour
# of buses
per hour
#
C

-10 o C to 35 o C

%
o
C
m

Corolis mass flow
<5%
SAE J2719
SAE J2601-HD, ISO 17268

o

m
m2
m2
2
m
€/kg
-

-

Requirement

Comment
[please provide additional information on requirement]

o

-60 C dew point
20 m to ….
max. allowable heigth of any
building/ installation on depot
100 m 2
2
250 m
2
50 m
target: 5 €/kg, initial: 8 €/kg
€/hour downtime etc.
fluctuation in vehicle demand
between weekdays and weekends,
known risk factors with regard to
safety (e.g. overhead high voltage
line) and their effects on required
safety distances

-
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Annex B: Questionnaire for task 4.1 - Initial Options Assessment
Step 1: Requirements of bus operator
Technical specification

Number of buses to be refueled
(target fleet)
Number of buses to be refueled
(initial fleet)
Planned fleet ramp up
(Incremental steps)

Unit

#

> 80 in 2024

#

Fleet size at start (eg. 10 12 m
buses)

#

e.g. 5 12m and 10 18m buses p.a.

kg H2
/100km

12m: 8 (9,5 during summer/ winter)
18m: 11,5 (13 during summer/
winter)

Consumption per bus
(incl. seasonal fluctuations if applicable
or assumed changes over time, e.g. to
refelect envisaged improvements in
bus energy efficiency)

Operating range of bus
Operating days per bus per year
Total demand (target)
Total demand (initial)

km/d
#

Performance
requirement

Performance requirement
[examples]

[actual data provided by
operator]

Reference
year
for which the
performance
requirement is
valid

Comment
[please provide additional information on performance req.]

e.g. 220 km
e.g. 270

e.g. > 1500
e.g. 250
e.g. daily target demand + 2 days
demand
e.g. daily initial demand + 2 days
Total storage demand (initial)
kg
demand
Operating pressure vehicle
bar
350 bar
Required refueling protocol (if known)
e.g. SAE J2601-2 HD, ISO 17268
Required refueling communication (if known)
e.g. SAE J2799
Required H2 purity (if known)
e.g. SAE J2719
e.g. 24/7 or 2 time windows
hours
(4-6am, 12pm-2qm)
e.g. for target fleet size 12 buses
# of buses in
per hour, initial size 15 buses in 2
x hours
Operating regime refueling
hours
time slots for any fuel deliveries that
may be required e.g. 24/7 or 2 time
hours
windows
(4-6am, 12pm-2qm)

Hydrogen
demand &
supply

kg/d
kg/d

Total storage demand (target)

kg

Min. number of refueling points
(optional)

#

%
Expected availability

Max. space available at depot
(for on-site equipment, e.g.
production, compression,
storage, dispensing)

m²/ m

Max. height

m

Target cost

€/kg H2

Preferred business model
(optional)
Environmental performance
(optional)

e.g. 99,9%
(calculated on a 24/7 basis,
calculation basis to be provided)
request for penalities if availaibitly is
not met (optional)
e.g. available footprint max 405 m²
(18x22.5 m)
e.g. max. allowable heigth of any
building/ installation on depot
premisses
e.g. target 5 €/kg, initial max 8 €/kg
onsite production using green
electricity or min 50% of consumed
H2 from renewable resources

Preferred H2 supply mode
(optional)

Planned infrastructure ramp up
(Incremental steps)

min. 3, 2 for regular operation using
2 refueling lanes, 1 redundancy

kg/d

planned ramp up of H2 supply
capacity to match bus fleet
development over time (e.g. initially
500 kg/d in 2020, 1000 kg/d in 2022,
1500 kg/d in 2024)
self operated or 3rd party operated
(especially in case of on-/near site
production)
e.g. min 80% reduction in CO2 vs.
Diesel

Limitations/ additional
requirements

e.g. fluctuation in vehicle demand
between weekdays and weekends,
or known risk factors with regard to
safety (overhead high voltage line
etc.) and its affect on required
safety distances

Limitations/ additional
requirements 2

please add rows as required
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Step 2: Considered supply route options

Supply route option
Option #

Electrolyser

PEM
@ full load
electrolyser operation @

2

3

4

Combination
Comment
with option # (main reasons for considering/not considering option (in order of priority))
(if applicable)

For electrolyser options minimisation of effective electricity cost is essential. Please explain your strategy for operating it (e.g. direct connection to
a power plant to ensure low electricity cost without grid charges etc. or intermittent operation using low electricity cost when available and offer grid
balancing service as additional source to create revenue

operating strategy

operation

1

option
considered
(c)/ not
considered
(nc)

variable load
operation
(On-/Near site)
@ full load
Production
Alkaline
electrolyser operation @
variable load

c

7.8

e.g. 1. political preference for hydrogen from renewable resources, 2. consequence of technology portfolio of selected partner

c

7.8

e.g. operation strategy will be analysed as part of final engineering

nc

e.g. consequence of technology portfolio of selected partner

nc

e.g. consequence of technology portfolio of selected partner

nc

e.g. due to political preference for hydrogen from renewable resources and since no suitable source for methane from renewable
resources is available

5

Steam reforming

6

Placeholder for add. options

7

High pressure trailer

c

1

e.g. available footprint allows for max. 900 kg/ d (2 MW) --> for demand >900 kg/d add. H2 delivery as regular supply required

Low pressure trailer

c

1

e.g. available footprint allows for max. 900 kg/ d (2 MW) --> for demand >900 kg/d add. H2 delivery as regular supply required

Liquid hydrogen trailer

nc

e.g. since H2 delivered only required for peak demand and backup supply, not further considered

10

Pipeline

nc

e.g. no H2 source in reasonable vincinity

11

Placeholder for add. options

8

add rows as required

Delivery
9

(regular supply
route/ backup only)

Grant agreement no.
671426
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Step 3a: Selection of supply option(s) for final engineering design

use +/- to indicate if the given parameter was
option
relevant for selecting (+) / not selecting (-) the
selected (s)/
considered option and provide brief explanation
not selected
in the seperate 'Explanations/ background info'
(ns)
table below

Practical
implications

RCS/
Permission
Modularity

(e.g. required
seperation/
safety
distances)

Footprint

Option #
1

PEM
electrolyser

operation
@ full load

s

+

2

PEM
electrolyser

operation @
variable load

ns

+

Alkaline
electrolyser

operation
@ full load

Alkaline
electrolyser

operation @
variable load

3
4

(On-/Near site)
Production

5

Steam reforming

6

Placeholder for add. options

7

High pressure trailer

8

9

Low pressure trailer
Delivery
(regular supply route/
Liquid hydrogen trailer
backup only)

10

Pipeline

11

Placeholder for add. options

Grant agreement no.
671426

s

ns

+

(e.g. any
restricitions in
operation or need
for adaptation of
current depot processes), need for
training of staff

Power
demand

Redundancy

-

(give source
of H2)

(if applicable) Dellivered H2 (as regular part of
H2 supply or for backup only)

+

7.8

e.g. on-site (900 kg/d target,
450 kg/d initial)

+

7.8

e.g. on-site (~500 kg/d target,
250 kg/d initial)

-

-

+

+

+

1

-

-

-

1
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+

Costs

Comment
Environm.
Combination location of production (On-/Near
Impact with option # Site);

e.g. regular supply to cover
peak demand, est. 100 - 200
kg/d + backup (1,200 kg/d)
e.g. regular supply to cover
peak demand, est. 100 -200
kg/d + backup (1,200 kg/d)
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Step 3b: Explanations/background info what are the reasons for selecting or discarding this option
Explanation/ background info for selecting/not selecting option

Considered supply route options
Option #

option
Please include basic techncial data such as envisaged production capacity, # of production units, # of dispensing points, est. power demand,
selected (s)/
number of trailers per day etc, if possible. Please include information who will be the planned owner and the planned operator of the H2 production
not selected
unit (if applicable) and HRS (e.g. bus operator, H2 provider, equipment supplier, utility company).
(ns)
Please note the reasons for choosing will be further elaborated in Final engineering design report.

PEM
electrolyser

operation
@ full load

s

PEM
electrolyser

operation @
variable load

ns

3

Alkaline
electrolyser

operation
@ full load

4

Alkaline
electrolyser

operation @
variable load

5

Steam reforming

6

Placeholder for add. options

7

High pressure trailer

1

2

8

9

(On-/Near site)
Production

Low pressure trailer
Delivery
(regular supply route/
Liquid hydrogen trailer
backup only)

10

Pipeline

11

Placeholder for add. options

e.g. political preference to green hydrogen, produced from local wind power, good scalability of production capacity using the available space in the depot (max 2
units with 450 kg/d each and 1 MW power input each), production unit(s) will be put next to a power plant to ensure low electricity cost. RCS to be checked in more
detail, in principle no major hurdles expected, Foot print of production will be x m² per unit (e.g. 12.2*2.44m (40ft container) + x m safety zones). Required fueling
regime with 15 buses in 2 hours initialy and 12 hours per hous at target fleet size will be achieved. X/Y dispensing points are foreseen for initial/ target fleet size with
x lanes in parallel, final numbers to be confirmed in Engineering Design. Power demand at the depot x MW, Redundancy foreseen for the following equippment to
gurantee availability:.....
It will be checked if an alternative refueling regime offers cost benefits while maintaining overall operational processes in the depot. Training & safety education efforts
for staff (service, maintenance, drivers) expected to be > 1d/ person

e.g. production at part load would increase demand for trucked in H2, initial cost estimation on grid balancing services did not provide significant advantages over
operation at full load at this time however due to modularity of system design this option can still be further explored at a later staged

s

e.g. reduces required swaps of trailers --> less external traffic in depot, reduced demand for compression capacity and associated power demand and consumption,
relevance regarding safety assessment still to be determined during final engineering design

ns

e.g. only ~300 kg per delivery, higher demand for compression energy, expected operational impact in depot due to required delivery frequency

Additional question regarding regulatory issues (RCS)

RCS

Are there any major issues which have affected the initial options
screening which have come from regulatory issues?
– if so, please explain

Grant agreement no.
671426
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Annex C: Questionnaire for task 4.1 - Final Engineering Design
Step 1: Narrative on Reasoning for Choosing Final Design
Step 1: Narrative on reasoning for choosing final design
Give general description of the final design addressing the different supply chain modules
- H2 production incl. source of hydrogen/ energy carriers used,
- Transport/ Logistics,
- Compression,
- Storage,
- Dispensing
Please provide overall narrative on reasons for selecting the final design, including the choice of
business model. Aspects to be adressed include
- how operational/refuelling requirements are met (or if there are needs to adapt current depot
processes),
- what concept is implemented to meet the desired availability, how will the achieved availability
levels be validated
- how is modularity achieved (see also Step 2 ramp up strategy)
- what specific design features where introduced to comply with regulations, codes and
standards (e.g. fire walls, saftey distances etc,; please note the separate questionnaire on
RCS)
- what consideration was given to footprint and layout,
- what utility connections are required (electricity, water, gas - as required) or
which modifications on the existing connections are needed,
- where did costs influence the design
- additional other aspects relevant for the definition of the design
- how is maintenance organised (frequency and duration of maintenace per key component, is
downtime of the HRS to be expected e.g. multiple days for pressure test of storage tanks every
x years?)

please add rows as required

Please provide supplementing material:
Please provide diagrams of the installation illustrating equipment layout incl. capacity information
per main hardware component, required safety distances (if available), required safety
installations (e.g. fire walls)
Process flow chart

Layout plan incl. Footprint, capacity information /pressure level etc.

Technical data sheets main equippment (H2 Production, Trailer, Compressors, dispenser)

Grant agreement no.
671426
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Step 2: Ramp up Strategy
Step 2: Description of strategy for ramping up H2 supply over time
Describe the design features to increase supply and refueling capacity to match fleet ramp up
(e.g. modular design with information on capacity increase per upgrade step and demand wise
timing of capacity increase for the different supply chain modules H2 production, Transport/
Logistics, Compression, Storage, Dispensing). What considerations are given to aspects such
as space requirements, utility connections, piping for the subsequent expansion of refuelling
capacity in order to optimise e.g. cost. Are there strategies in place for funding the additional
equipment required for the modular expansion? Describe the expected utilisation of the different
supply chain modules for the capacity upgrade steps over time/ development of the fleet.

please add rows as required
Please provide supplementing material:
Process flow chart for initial layout and ramp up steps (if available)
Layout plan for initial design and ramp up steps incl. Footprint, capacity information /pressure level etc. (if available)

Technical data sheets main equippment (H2 Production, Trailer, Compressors, dispenser) (if available)

Step 3: Top 3 Factors
Step 3: Provide Top 3 factors influencing the final design regarding
Type of H2 supply, Refueling regime, etc.
Technical
Design

e.g. Refuelling regime, storage demand, business model, electricity costs
Cost

e.g. in case the study suggest changes regarding the original requirements or
the current depot processes of the bus operator
Operational
implications

Grant agreement no.
671426
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Step 4: Data Section
Performance requirement
of bus operator
Technical specification
(for final design unless otherwise stated)

Unit

Number of HRS sites

#

default will be 1, potentially more
than 1 HRS sites if smaller bus
depots, in case of on-site production
# of sites may still be 1

Number of buses (target/ initial)

#

> 85 / 10

Modularity (planned ramp up supply capacity to match bus fleet
development over time, quantitative data only, description is
provided separately in narrative section)
Consumption per bus
(incl. seasonal fluctuations as applicable)

Operating range of bus

+ 15 buses each year
kg H2 /100km
km/d

Operating days per bus per year

#

Required refuelling protocol (if known)

Specification of final design

[examples; actual values
taken from initial options
assessment sheet, input/
changes only required if
requirement was adapted]

[provided by study team, any available
information from the initial assessment of
target is used to pre-fill out this column]

Reference
year
[ for which the
data is valid]

Comment
[please provide additional
information]

e.g. 2024/
2019
e.g. 3 steps adding x00 kg prod. cap. each

Solo: 9
Articulated: 12,5
e.g. 220 km
e.g. 270
e.g. SAE J2601-2 HD, ISO 17268

Demand Required refuelling communication (if known)

e.g. SAE J2799

Required H2 purity (if known)

e.g. SAE J2719
e.g. 24/7 or 2 time windows
(4-6am, 12pm-2am)
# of buses in e.g. for target fleet size 12 buses
x hours
per hour, initial size 15 buses in 2
time slots for any fuel deliveries
hours
that may be required e.g. 24/7 or
2 time windows
> 1500, on wkends 1000, in
kg/d
summer 1800 on wkdays and
1200 on wkends
> 250, on wkends 200, in
kg/d
summer 300 on wkdays and 240
on wkends
availability: >99,9% (on a 24/7
basis)
%
reliability: >99,9% based on
planned number of refuelling
events (see WP 3.5 for details)
hours

Operating regime refuelling

Total demand (target, average & peak)

Total demand (initial, average & peak)

Availability / Reliability

Description of foreseen redundancies
H2 production

h or d p.a.
+ explanation

Transport Trailer

h or d p.a.
+ explanation

Availability

Maintenance and service
strategy
Compression

Hydrogen
demand &
supply

Storage
Dispensing
Overall

Grant agreement no.
H2 Production
671426
Footprint

e.g. 3 days planned maintenance p.a.

h or d p.a.
+ explanation
h or d p.a.
+ explanation
h or d p.a.
+ explanation
m² / m
m² / m

Compressors

m² / m

Storage (mobile and stationary)

m² / m

e.g. maintenance 1 d every x months
e.g. pressure testing every x months/years.
e.g. maintenance 1 d every x months.
max. 405 m² available
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Availability
h or d p.a.
+ explanation

Transport Trailer
Maintenance and service
strategy
Compression

Hydrogen
NewBusFuel
demand &

Storage

supply

Dispensing
Overall

Footprint

h or d p.a.

m² / m
m² / m

Compressors

m² / m

Storage (mobile and stationary)

m² / m

Dispensing area

m² / m

Height

m
Supply mode
Number and capacity of production
units, number of sites
Power demand

Supply

Delivery (also backup)

Electricity consumption

kWh/kg

Water consumption

l/kg

State (GH2 or LH2)

GH2/LH2

bar

Transport distance

km

Operating pressure (vehicle)

Compressors

Number, capacity and pressure of
compressors
Power demand
Electricity consumption

Storage capacity (target)

Storage design (target)

Refuelling
Operating regime
Station
Number of dispensing points
Refuelling time per bus
Back-to-back refuelling capacity
Recovery time for regaining back-to-back fuelling capacity
Power demand (overall)
Electricity consumption (overall)

Grant agreement no.
671426

e.g. 2 parking positions for trailers (3.5 x15 m
each) , 2.5x6 m for high pressure bank
e.g. 4 x20 m for each refuelling postion or X x y m
for all refuelling postions)
max. allowable height of any
building/ installation on depot
premises
e.g. onsite production using
green electricity
e.g. 7 x 215kg @ 1 site
e.g. 5,800 MW

kg/ delivery

for GH2: Delivery pressure of trailer

Trailers used for supplying required
demand
Trailer lots LH2/GH2 at HRS

max. 405 m² available

kW
Nm3/kg

Trailers required for supplying demand

e.g. maintenance 1 d every x months.

# + kg/d

Gas consumption

Usable amount per delivery

e.g. pressure testing every x months/years.

+ explanation
h or d p.a.
+ explanation

H2 Production

On-/ Near-site
production

e.g. maintenance 1 d every x months

explanation
D+ h3.2
– Common bus operator requirements
or d p.a.

e.g. 100 km (for environmental assessment)

#
#/d or week
#
bar

350 bar (440 bar 85°C)

# + kg/d
kW
kWh/kg
kg

e.g. covering demand of 3 days
please give # of benches, pressure level , storage
volume and storage capacity per bench, ideally
flow chart

bar
l or m³
hours

e.g. 24/7 or 2 time windows
(4-6am, 12pm-2qm)

#
min

e.g. 8 min for 12 bus

# or # buses derived from Operating regime &
e.g. 10 buses/ h for 2 hours, then 3 buses/ h
in x hours refuelling time
min or h
kW
kWh/kg
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NewBusFuel
Assumed business model
Investment cost (overall; excluding land use cost, including
margins)

€

excluding VAT and inflation

Investment cost

€

excluding VAT

Assumed depreciation period

a

Investment cost

€

Assumed depreciation period

a

Investment cost

€

Assumed depreciation period

a

Investment cost

€

Assumed depreciation period

a

Investment cost

€

Assumed depreciation period

a

Please describe how you calculated
the investment costs.

Investment cost per main equipment

H2 Production

optional, only relevant if ran by operator,
excluding VAT

Transport Trailer

excluding VAT

Compression

Capex

excluding VAT

Storage
excluding VAT

Dispensing

Estimated installation cost (civil works)

Cost

Financing costs

Operation cost (excl. utilities)

€ or % of
investment
cost
% of
investment
cost

excluding VAT

€/ year or %
Capex p.a.

un-/planned maintenance, insurance

Utility cost
Electricity

Opex

premium for electriciy from renewable
resources

Gas
Water
Logistics cost
Labour (not included in operating cost)
Insurance costs

e.g. 9 ct @ x GWh p.a. (excluding VAT)

ct/kWh

e.g. + x €/MWh (excluding VAT)
e.g. 5 ct @ x GWh p.a. (excluding VAT)

ct / kWh GCV

excluding VAT

ct / m³

€/kg

if applicable (excluding VAT)
e.g. for daily operation, maintenance

FTE/month

% of
investment
cost

Hydrogen costs (at nozzle)

€/kg

Target < 6 €/kg @nozzle
initial max. 8 €/kg

(excluding VAT)

Hydrogen costs (at storage intake)

€/kg

e.g. Target < 4,5 €/kg @intake
initial max. 6 €/kg

(excluding VAT)

Reduction vs. diesel

Environmental
Impact

ct/kWh

e.g. 90% reduction in GHG

reduction calculated by thinkstep

Source of H2 (delivery)

> 50% from renew. sources

please specify source

Electricity source

> 50% from renew. sources

Gas source (on-site steam reforming)

> 50% from renew. sources

H2 Production
Compressors
Technical
life time of
Storage mobile
component
s
Storage stationary
Dispenser

Grant agreement no.
671426

%

a

Provide source/ mix
Provide source/ mix
e.g. 10 years stack, rest 20 years

a
a
a

e.g. 2 parking positions for trailers (3x15 m each) ,
3x3 m for high pressure bank

a
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Changes made to the document
This section documents the changes made to the document from one version to the following.
Version 1 (released February 9th, 2017)

Grant agreement no.
671426

1st Draft released to study coordinators for feedback
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