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The	 Commission’s	 Green	 Paper	 “A 
European Strategy for Sustainable, 
Competitive and Secure Energy”	 from	
March	 2006	 identifies	 hydrogen	 and	
fuel	cells	among	the	portfolio	of	tech-
nologies	that	could	address	our	energy	
problems.	The	Green	Paper	advocates	
investing	 in	 hydrogen	 and	 fuel	 cells	
development	and	deployment.	It	calls		
for	large-scale,	integrated	actions	with	
the	necessary	critical	mass,	mobilising	
private	 business,	Member	 States	 and	
the	Commission	in	public-private	part-
nerships.	The	experience,	projects	and	
output	 of	 the	 industry-led	 European	
Hydrogen	 and	 Fuel	 Cell	 Technology	
Platform	 should	 be	 taken	 as	 first	
building	blocks	for	such	actions.

The	 European	 Union	 embarked	 in	
2001	 on	 the	most	 ambitious	 demon-
stration	project	worldwide	on	hydro-
gen	and	fuel	cells:	CUTE	(Clean	Urban	
Transport	 for	 Europe).	 The	 optimal	
combination	 of	 a	 forward-looking	
vision,	 cutting	 edge	 technology	 and	
committed	 teamwork	 has	 led	 to	 the	
success	of	CUTE.	

Currently	our	road	transport	system’s	
fuels	are	diesel	and	petrol.	These	fuels	
are	 produced	 mostly	 from	 imported	
oil,	and	when	burned	in	buses,	trucks	
or	 cars,	 they	 produce	 emissions	 of	
greenhouse	gases	 and	 air	 pollutants.	
The	ever-increasing	demand	for	trans-
port	 brings	 as	 a	 consequence	 more	
dependence	 on	 external	 supplies	 of	
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oil,	and	 leads	to	more	emissions	that	
provoke	 climate	 change	 and	 health	
problems.

The	 vision	 pursued	 by	 CUTE	 is	 to	
develop	 a	 totally	 clean	 transport	
system	 for	 cities,	 without	 reducing	
modern	 society	 mobility	 standards.	
In	 particular,	 CUTE	 aims	 to	 achieve	
this	 vision	 by	 replacing	 diesel	 and	
petrol	with	hydrogen	and	combustion	
engines	with	fuel	cells.	Hydrogen	and	
fuel	 cells	 can	 introduce	 a	 paradigm	
shift	away	from	the	transport	sector’s	
‘addiction’	to	oil.	They	are	at	the	heart	
of	a	 zero	emissions	 transport	 system	
that	 would	 de-couple	 mobility	 from	
climate	 change	 and	 air	 quality	 con-
cerns.

However,	to	achieve	the	commerciali-
sation	 of	 hydrogen	 and	 fuel	 cells	 for	
transport	 we	 will	 have	 to	 climb	 a	
steep	uphill	 path	 solving	 technologi-
cal,	 economic	 and	 public	 acceptance	
challenges.

These	challenges	include:
•	 	producing	 hydrogen	 economically	
and	 with	 minimal	 or	 no	 negative	
environmental	impact

•	 	handling	hydrogen	safely
•	 	storing	sufficient	energy	to	achieve	
the	required	vehicle	range,	and

•	 	making	 fuel	 cells	 competitive	 in	
terms	of	cost	and	reliability	in	com-
parison	 with	 the	 traditional	 com-
bustion	engine.	

Against	this	background	of	very	excit-
ing	 technical	 potential	 and	 signifi-
cant	 challenges	 the	 European	Union,	
through	 CUTE,	 has	 provided	 answers	
to	some	fundamental	questions:

Is it possible to build hydrogen fuel 
cell buses in series production, and get 
them on the road to deliver regular pub-
lic transport services? Hydrogen	 fuel	
cell	buses	were	produced	in	a	normal	
production	 plant:	 twenty-seven	 for	
CUTE;	and	another	nine	for	the	ECTOS	
project	 in	 Iceland,	 STEP	 in	 Western	

Australia	 and	 the	 hydrogen	 fuel	 cell	
bus	 project	 in	 Beijing,	 China.	 These	
buses	 have	 been	 certified	 to	 oper-
ate	in	urban	public	transport	services	
in	 Amsterdam,	 Barcelona,	 Hamburg,	
London,	 Luxembourg,	 Madrid,	 Porto,	
Stockholm	and	Stuttgart,	as	well	as	in	
Reykjavik,	Perth	and	Beijing.	The	buses	
have	 operated	 quietly	 for	more than 
one million kilometers	 over	 a	 two-
year	period	and	they	have	transported	
more than four million European pas-
sengers,	 producing	 only	 some	 steam	
as	tail-pipe	emission.

Is it possible to build hydrogen supply 
infrastructure to fuel buses, mostly 
based on renewable energy sources? 
Nine	fuelling	stations	were	construct-
ed	 in	 the	 nine	 cities.	 Each	 fuelling	
station	has	refuelled	the	local	fleet	of	
three	buses	with	hydrogen	at	350	bars,	
delivering	 between	 100	 and	 200	kg	
of	 hydrogen	 everyday.	 Hydrogen	was	
produced	 both	 centrally	 and	 on-site	
(through	 natural	 gas	 reforming,	 or	

water	electrolysis).	More	than	56	%	of	
the	hydrogen	produced	on-site	 came	
from	renewable	sources.	

Would the hydrogen fuel cell buses 
and the hydrogen supply infrastruc-
ture achieve availability rates compa-
rable with alternative technologies? 
Over	 the	 two-year	 trial	 the	 total	 sys-
tem	availability	(bus	+	infrastructure)	
reached	 a	 rate	 of	 around	 80	%.	 This	
availability,	 while	 being	 lower	 than	
that	 of	 a	 comparable	 diesel	 or	 CNG	
bus	fleet,	shows	that	the	technology	is	
workable.	And	even	more	importantly,	
through	the	trial	we	have	learnt	how	
to	improve	availability.

Would drivers, technicians and the gen-
eral public accept these new technolo-
gies? Many	 drivers	 tested	 the	 buses	
and	 they	were	highly	satisfied.	Many	
technicians	 developed	 the	 necessary	
skills	 to	maintain	 the	 buses	 and	 the	
fuelling	 stations	 without	 any	 major	
problem.	 Millions	 of	 European	 citi-
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zens	have	experienced	this	new	form	
of	 clean	 mobility	 and	 they	 like	 it.	
Some	passengers	were	even	prepared	
to	wait	for	the	next	bus	if	they	knew	
it	was	one	of	 the	silent	and	non-pol-
luting	hydrogen	buses.

Is it safe to use hydrogen as a fuel? Not	
a	 single	 hydrogen	 related	 accident	
has	occurred	over	 the	 two-year	dem-
onstration	period.	Hazards	 related	 to	
hydrogen	 are	 simply	 different	 from	
those	related	 to	other	 fuels	and	 they	
can	be	managed.

CUTE	has	moved	 the	 state	of	 the	art	
in	hydrogen	and	fuel	cell	technologies	
for	 transport	 a	 significant	 step	 for-
ward.	 It	has	put	 the	European	 indus-
try,	 cities,	 and	 researchers	 amongst	
the	 global	 leaders	 in	 production	 and	
operation	of	hydrogen	fuel	cells	buses,	
as	well	as	in	hydrogen	production	and	
distribution.

However,	CUTE	has	only	been	possible	
thanks	to	an	unprecedented	European	
alliance	involving	the	automobile	and	
energy	 industry,	 a	 group	 of	 pioneer-
ing	 cities,	 a	 group	 of	 university	 and	
research	 centres,	 and	 the	 European	
Commission.	This	large	but	well-struc-
tured	 partnership	 has	 gathered	 the	
necessary	skills,	resources	and	individ-
uals	that	made	possible	the	execution	
of	the	project.	Outstanding	teamwork	
has	been	key	to	its	success.	

CUTE	 has	 become	 the	 flagship	 proj-
ect	 of	 the	 European	 Hydrogen	 and	
Fuel	Cell	Technology	Platform	and	has	
been	 recognised	 at	 a	 global	 level	 by	
the	 International	 Partnership	 for	 the	
Hydrogen	Economy.

The	 CUTE	 results	 presented	 in	 this	
summary	 of	 achievements	 are	 self-
explanatory.	 CUTE	 has	 provided	
unparalleled	 visibility	 for	 hydrogen	
and	helped	establish	 its	credibility	as	
an	alternative	to	petrol	and	diesel.	At	
the	 same	 time	 CUTE	 has	 raised	 new	
questions	and	challenges.	After	CUTE	
the	questions	are	no	 longer	how	and	
if,	 but	WHEN	will	 this	 technology	 be	
ready;	and	WHAT	needs	to	be	done	to	
render	 performance	 and	 costs	 more	
competitive?

The	 European	 Union	 has	 now	 em-
barked	on	a	series	of	 further	demon-
stration	 projects	 grouped	 under	 the	
initiative	 “Hydrogen	 for	 Transport”.	
Around	 200	 hydrogen-powered	 vehi-	
cles	 will	 be	 demonstrated	 over	 the	
next	three	years.	The	aim	is	to	improve	
vehicle	 efficiency	 and	 infrastructure	
reliability,	 to	 facilitate	 the	 under-

standing	of	our	citizens	and	our	deci-
sion	makers	regarding	hydrogen,	and	
to	prepare	even	larger	demonstration	
projects	 necessary	 to	 bridge	 the	 gap	
between	 the	 future	 state	of	 technol-
ogy	and	the	market.

The	 conclusion	 of	 CUTE	 surely	marks	
a	 milestone	 in	 the	 history	 of	 clean	
transport	 energy	 technology	 and	
opens	 the	 way	 to	 a	 new	 era	 of	 sus-
tainable	transport	systems.

M
ikael Rohr �00�

Fuel Cell Bus: Stockholm Stuttgart Perth Reykjavik Beijing

Daim
ler Chrysler �00�

SSB �00�

STEP Project: w
w

w
.dpi.w

a.gov.au

IN
E

EC �00�

Matthias	Ruete,	
Director	General	for	Energy	and	
Transport,	European	Commission



� �

about the project and about hydrogen 1.

About the Project 

about the project and about hydrogen1. 

1.1

There	are	different	types	of	fuel	cells	–		
the	proton	exchange	membrane	(PEM)	
fuel	cells	used	in	the	CUTE	trial	oper-
ated	in	the	following	way:
•	 	hydrogen	is	fed	to	the	anode	where	
a	catalyst	separates	the	negatively-
charged	 electrons	 in	 the	 hydrogen	
from	the	positively-charged	protons

•	 	protons	 move	 through	 the	 mem-
brane	to	the	cathode

•	 	the	 electrons	 from	 the	 anode	 side	
of	 the	 cells	 cannot	 pass	 through	
the	 membrane	 to	 the	 positively-
charged	cathode.	They	travel	via	an	
electrical	 circuit	 to	 reach	 the	other	
side	 of	 the	 cell.	 This	 process	 pro-
duces	the	electrical	current

•	 	At	the	cathode,	oxygen	from	the	air	
combines	 with	 electrons	 and	 pro-
tons	to	produce	water	and	heat.

To	 generate	 enough	 power	 to	 drive	
a	 bus,	 1.920	 fuel	 cells	 are	 connected	
to	 each	 other	 and	 built	 up	 into	 two	
“stacks”.

About Fuel Cell Buses
The	fuel	cell	buses	are	equipped	with	
nine	tanks	which	together	hold	44	kg	
of	 gaseous,	 compressed	 hydrogen.	
These	feed	into	two	fuel	cell	modules	
which	 provide	 more	 than	 250	kW	 of	
electrical	 power	 and	 deliver	 perfor-
mance	levels	in	terms	of	acceleration	
that	are	comparable	 to	standard	die-
sel	 engines.	The	 fuel	 cell	 system	and	
additional	 equipment	 are	 located	 on	
the	roof	of	the	bus.	

In	 order	 to	 have	 maximum	 reliabil-
ity,	 standard	 bus	 components	 such	
as	 automatic	 transmission,	 gearbox	
and	some	auxiliary	components	were	
used	 as	much	 as	 possible.	The	 buses	
are	 equipped	 with	 a	 central	 traction	
system	located	at	the	left	hand	side	in	
the	rear	of	the	bus.	All	major	auxiliary	
components	 are	 driven	 by	 a	 kind	 of	
“gear	box”,	which	has	been	especially	
designed	 for	 the	 fuel	 cell	 buses	 and	
which	 is	 located	 next	 to	 the	 central	
engine.

The	 fuel	 cell	 buses	 are	 based	 on	 a	
low-floor	 bus	 concept	 and	 equipped	
with	 two	 or	 three	 double	 doors	 to	
facilitate	the	best	possible	passenger	
movement.
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What did the CUTE Project set out to 
achieve?
The	European	Commission	in	conjunc-
tion	with	its	many	partners	set	out	to	
develop	 and	 demonstrate	 an	 emis-
sion-free	and	low-noise	transport	sys-
tem	that	in	the	longer	term	would:
•	 	reduce	the	global	greenhouse	effect	
in	line	with	the	Kyoto	protocol

•	 	improve	 air	 quality	 and	 quality	 of	
life	in	densely	populated	areas

•	 	conserve	fossil	fuel	resources
•	 	increase	 public	 knowledge	 and	
acceptance	 of	 fuel	 cell	 technology	
and	hydrogen	as	an	energy	source

•	 	build	a	strong	foundation	for	regu-
lation	and	certification	of	the	tech-
nology.

Through	 the	project	 the	Commission	
also	intended	to:
•	 	strengthen	 the	 competitiveness	 of	
European	 industry	 in	 the	 strategi-
cally	 important	 areas	 of	 hydrogen	
processing,	 fuel	 cell	 and	 mobility	
technology

•	 	demonstrate	 to	 European	 society	
the	 relevance	 of	 such	 innovative	
technology	 to	 their	 everyday	 con-
cerns	 such	 as	 improved	 employ-
ment,	 human	 health,	 environmen-
tal	protection	and	quality	of	life.

What did the CUTE Project do?
Between	 2003	–	2005,	 twenty	 seven	
innovative,	 hydrogen-powered,	 fuel	
cell	 buses	 were	 built	 and	 placed	 in	
the	 public	 transport	 fleets	 of	 nine	
European	 cities,	 in	 seven	 different	

countries.	 At	 the	 same	 time	 original	
and	 leading	 edge	 hydrogen	 produc-
tion,	 refuelling	 and	 support	 systems	
were	 also	 constructed.	 The	 buses	
were	 placed	 on	 normal	 public	 trans-
port	routes	and	data	collected	against	
a	 range	 of	 performance	 measures	
including	 reliability,	 economy,	 safety	
and	public	acceptance.	Life	cycle	anal-
ysis	of	emissions	and	costs	were	also	
undertaken.

About Hydrogen and Fuel Cells
Hydrogen	 is	 the	most	 abundant	 ele-
ment	 on	 earth	 although	 it	 is	 rarely	
found	 in	 its	 energy	 rich	 molecular	
state	–	H2.	 It	 is	an	energy	carrier	that	
can	 be	 derived	 from	 a	 wide	 range	
of	 energy	 sources,	 both	 fossil	 and	
renewable.	 The	 project	 explored	 a	
wide	 range	 of	 pathways	 to	 produce	
hydrogen	as	 a	 transport	 fuel	 for	 fuel	
cell	 vehicles	 including	 steam	 reform-
ing,	 water	 electrolysis	 and	 centrally	
produced	 hydrogen	 as	 a	 by-product	
of	other	processes.	Gaseous	hydrogen	
was	selected	for	use	because	it	is	cur-
rently	 cheaper,	 easier	 to	 handle	 dur-
ing	 the	 refuelling	 process	 and	 more	
broadly	 available	 than	 liquid	 hydro-
gen.	 Hydrogen’s	 key	 advantage	 over	
electricity	 is	 that	 it	 can	 be	 stored	
rather	easily.	

A	fuel	cell	uses	hydrogen	and	oxygen	
to	 create	 electricity	 by	 an	 electro-
chemical	 process.	 A	 single	 fuel	 cell	
consists	of	an	electrolyte	sandwiched	
between	 an	 anode	 and	 a	 cathode.		
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Background information on 
Hydrogen (H2)
Properties and Application 
Hydrogen	has	been	used	as	an	indus-
trial	 gas	 for	more	 than	 100	 years.	 In	
2000,	 the	 world	 production	 and	 use	
of	 hydrogen	 was	 estimated	 around	
500	billion	Nm3	(normal	cubic	metres,	
cf.	 table),	 about	 60	 billion	 Nm3	 of	
this	 by	 the	 European	 Union	 (EU-15).	
Most	of	 these	quantities	are	‘captive’	
produced	 in	bulk	amounts	 for	 imme-
diate	 consumption	 on	 site,	mainly	 in	
chemical	 and	 petrochemical	 plants.	
On	the	other	hand,	road	transport	by	
truck	 to	smaller	 customers	 is	also	an	
everyday	business	with	proven	codes	
of	practice.	

Due	to	its	low	volumetric	energy	den-
sity,	hydrogen	is	stored	and	transport-
ed	 as	 a	 compressed	 gas	 (CGH2)	 or	 in	
liquefied	 state	 (LH2)	 at	 about	 -	253°C.	
Hydrogen’s	 low	 boiling	 point	 makes	
liquefaction	very	energy	intensive.	

Comparison of hydrogen 
and diesel energy densities 

The	energy	content	of	 is	equivalent	to

1	Nm3	of	gaseous	hydrogen	 0.30	l	 of	diesel

1	litre	of	liquid	hydrogen	 0.24	l	 of	diesel

1	kg	of	hydrogen		 2.79	kg	 of	diesel

Based on www.dwv-info.de

Most	of	the	hydrogen	is	used	as	a	raw	
material	for	the	production	of	a	wide	
range	of	substances	(i.	e.	for	non-ener-
getic	purposes).	This	is	mainly	ammo-
nia	and	methanol	 synthesis,	but	also	
iron	 and	 steel	 production,	 treatment	
of	edible	oils	and	fats,	glass	and	elec-
tronics	industry	etc.

The	 main	 indirect	 energetic	 applica-
tion	 of	 hydrogen	 is	 the	 petrochemi-
cal	 hydration	 of	 (conventional)	 fuels.	
The	introduction	of	low-sulphur	fuels,	
driven	by	regulations	in	North	America	
and	 Europe	 (e.	g.	 Clean	 Air	 Act	 and	
Auto	Oil	Program),	has	lead	to	a	rising	
hydrogen	demand	in	this	field.	

The	 direct	 use	 of	 hydrogen	 for	 ener-
gy	 purposes	 is	mainly	 for	 power	 and	
heat	 generation.	 Today	 this	 sector	
only	 plays	 a	minor	 role.	 This	 is	 likely	
to	 change	 over	 the	 coming	 decades	
when	hydrogen	may	become	an	ener-
gy	 carrier	 as	 important	 as	 electricity	
in	a	‘hydrogen	economy’.

Production Pathways
Hydrogen	is	not	only	used	for	a	large	
variety	 of	 purposes	 but	 can	 also	 be	
generated	from	a	wide	range	of	sourc-
es.	 Today,	 these	 are	 typically	 fossil	
hydrocarbons	 like	 natural	 gas,	 min-
eral	 oil	 and	 coal.	 Technical	 methods	
include	 steam	 reforming,	 partial	 oxi-
dation,	 cracking	&	other	petrochemi-
cal	processes.	But	also	biomass	 (non-
fossil	 hydrocarbons)	 or	waste	 can	 be	
gasified	for	hydrogen	production.

When	hydrogen	 is	derived	 from	elec-
tricity,	 it	 is	 pivotal	 that	 the	 primary	
energy	comes	 from	renewable	sourc-
es.	 Otherwise	 it	 is	 hardly	 possible	
to	 achieve	 an	 overall	 environmental	
benefit	along	the	entire	supply	chain	
(from	‘well	to	wheel’)	in	terms	of	pol-
lutants	and	greenhouse	gas	emissions	
compared	to	conventional	energy	sup-
ply.	 In	 future,	 renewable	electricity	 is	
likely	 to	be	generated	 large	scale,	 for	
example	 at	 offshore	wind	 farms	 and	
solar	 power	 plants.	 Hydrogen	 based	
on	 renewable	 sources	 (including	bio-
mass/biogas)	is	frequently	labelled	as	
‘green	hydrogen’.

On	 the	 other	 hand,	 hydrogen	 often	
emerges	as	a	by-product	 from	indus-
trial	 processes	 where	 no	 real	 use	
can	 be	 made	 of	 it.	 It	 will	 either	 be	
employed	for	heating,	thus	not	using	
its	 full	 potential,	 or	 it	 is	 even	 flared	
or	 vented.	 Instead	 it	 could	 be	 mar-
keted	 to	 third	 parties	 like	 the	 trans-
port	 sector.	 Surplus	 hydrogen	 from	
industry	 can	 thus	 service	 initial	 fuel	
cell	 applications	 filling	 the	 gap	 until	
green	hydrogen	becomes	available	 in	
significant	 volumes.	 It	 is	 estimated	
that	more	than	2	%	of	the	total	annual	
EU-15	 production	 comprises	 surplus	
hydrogen,	resulting	in	more	than	1	bil-
lion	Nm3	(about	90	million	kg).

Energy Sources 
for Hydrogen 
Generation,  
Estimated Shares 
in World-Wide 
Production of about 
�00 billion Nm3 
(ca. �� billion kg)

International 
Gas Union, �000

48 %
Natural	Gas

30 %
Mineral	Oil

18 %
Coal4 %

Electricity

Hydrogen properties

	 													Volumetric	 	 Gravimetric

	 gaseous	 liquid	

Lower	heating	value	 3.00	kWh/Nm3	 2.36	kWh/l	LH2	 33.33	kWh/kg

Higher	heating	value	 3.54	kWh/Nm3	 2.79	kWh/l	LH2	 39.41	kWh/kg

Density	 0.09	kg/Nm3	 70.79	kg/m3	

Boiling	point	(at	1.013	bar	abs)	 	 -252.76	°C	/	20.39	K

»1	Nm3«	stands	for	»one	normal	cubic	metre«	and	is	defined	as	a	gas	amount	of	one	geometric	cubic	metre		
at	0°C	and	1.013	bar	absolute	pressure.

Based on www.h�data.de
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Direct	Energetic	Usage	+	Unknown

40 %
Indirect	Energetic
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Hydrogen Application 
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about �0 billion Nm3

Based on 
Zittel/Niebauer:
Identification 
of Hydrogen 
By-Product Sources 
in the European Union, 
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Purposes
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About Hydrogen
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List of Systems and Technologies  
tested in the CUTE Project 

about the project and about hydrogen1.

1.3

Infrastructure related
•	 	Small	scale	on	site	H2	production	
units

	 ·	 	Natural	gas	steam	reformer
	 ·	 	Water	Electrolyser
•	 	Feedstock	preparation	systems
	 ·	 	Natural	gas	desulphurisation	unit
	 ·	 	Tap	water	demineralisation	unit
•	 	Hydrogen	purification	systems
	 ·	 	De-oxo	drier
	 ·	 	Pressure	swing	adsorption
•	 	Hydrogen	compressors
	 ·	 	Slow	running	unlubricated	piston	

compressors
	 ·	 	Membrane	compressors

•	 	Hydrogen	Storage	systems
	 ·	 	3	bench	decanting	system
	 ·	 	medium	pressure/booster	system
•	 	Hydrogen	dispenser
	 ·	 	Filling	nozzle
	 ·	 	H2	filling	hose
	 ·	 	H2	flow	meter

The	 CUTE	 project	 was	 set	 up	 to	 test	
different	 methods	 of	 hydrogen	 pro-
duction,	 compression	 and	 dispens-
ing.	 In	 terms	 of	 vehicle	 technology,	
the	 CUTE	 project	 tested	 a	 purpose	
designed	 engine	 for	 buses.	 A	 list	 of	
system	 and	 technologies	 tested	 is	
presented	below.

Transport for London, �00�

Fuel Cell Bus and Refuelling Station: London

Fuel cell propulsion related
•	 	H2	storage	system	(350	bar)
•	 	H2	refuelling	coupling/port
•	 	H2	high	pressure	valves/regulators
•	 	Hydrogen/Air	compressors
•	 	Filters
•	 	Water/glycol	fuel	cell	cooling		
system	including	hydraulically	
driven	fans

•	 	Freeze	protection	system
•	 	Fuel	cell	stacks
•	 	DC/AC	Inverter	
•	 	Auxiliary	gear	case
•	 	Electric	engine
•	 	Safety	valves/pressure	regulators
•	 	Cabin	heater	resistor

Maintenance Related
•	 	Ventilation	system
•	 	Hydrogen	sensors
•	 	Electrical	grounding
•	 	Spark	proof	tools
•	 	Walkways	for	bus	top	work
•	 	Safety	procedures	for	H2	filling		
station	and	fuel	cell	bus	both	for	
operation	and	maintenance	as	well	
as	emergency	situations

Inside of the Steam Reformer Container in Madrid

 Iñigo Sabater, �00�

GVB, �00� 

Roof mounted fuel cell stacks and cooling unit
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cry o pum p r efinery liquef action liquid H 2  stor ag e 

Amsterdam GV B,  DMB ,  Shel l ,   Hoek L oos ,   Nuon 
Barcelona TM B,  B P ,   Linde 
Hambur g Norsk Hydro Electrolysers
Stockholm SL,  Busslink,  M F ,  Fo r tum,  
Re ykjav ik (ECT IN E,  Str aet o,  Shell,  H yd ro 

Lux embourg A VL,  FLEAA,  Shell ,   Air Liquide 
Po rt o ST CP ,  BP ,   Lind e 
Pe r th (S TEP) DPI,  B P,  P a th  Tr ansit ,   BOC,  Linde 
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purifica tion 

chemical plan t 
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re new able 
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c ompr essio n 

bus wor ks ho p 
fo r maintenanc e ev apor a tion 

biomass 

geothermal 

booster 

gaseous H 2  stor ag e 

(used in Amsterdam,  Barcelona,  Madrid, 
Po rt o,  Stockholm and Stuttgar t) 

purifi- 
ca tion 

electr olysis 

electr olysis 

non-r enew able 
r esources 
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Hochbahn, Vattenfall, BP,
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• Vattenfall

Hydrogenics
Reykjavik (ECTOS)
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Co-ordinators	
H2	Infrastructure

i n f r a s t r u c t u r e :  t e c h n o l o g y2.i n f r a s t r u c t u r e :  t e c h n o l o g y2.

Hydrogen Supply Pathways in CUTE, ECTOS and STEP

Cities

O
n-

Si
te

 W
at

er
 E

le
ct

ro
ly

si
s

Ex
te

rn
al

 S
up

pl
y

O
n-

Si
te

  
St

ea
m

 R
ef

or
m

in
g

2.1



1� 1�

2. i n f r a s t r u c t u r e :  t e c h n o l o g y

Characteristics of the CUTE filling stations 

Hydrogen	production	path

Technology	turn-key	supplier

Compressor	type

Compressor	rated	capacity	in	Nm 3/h

Compressor	manufacturer

Storage	size	in	kg	hydrogen

Refuelling	type

Dispenser	supplier

Max.	filling	time	in	min

Interval	between	2	buses	in	min

Amsterdam

Barcelona

Hamburg

London

Luxembourg

Madrid

Porto

Stockholm

Stuttgart

0

before	3rd	bus:	60
(or	slower	refuel-
ling	of	3rd	bus)

0	2)

0

0

0

before	3rd	bus:	20
(or	slower	refuel-
ling	of	3rd	bus)

0	3)

0

15

20

<	10

30

10

	10–15

12–15

20–35

<	15

Linde

Linde

Brochier

Fueling
Technologie
Inc.

Air	Liquide

Air	Liquide

Linde

Fueling
Technologie
Inc.

Brochier

overflow	
+	booster

overflow	
+	booster

overflow

vapourisation	of
pressurised	LH2

overflow

booster

overflow
+	booster

overflow	
+	booster

overflow	
+	booster

490

170

400

3,200

500

360

172

95

282

Linde

Linde

Hofer

ACD	Cryo

Burton
Corblin

PDC
Machines	
Inc.	

Linde

PDC
and
HydroPac

Idro
Meccanica

300

300

62

900

60

50	and
2,400

300

525

100	and
5,380

hydraulic

hydraulic

diaphragm

cryogenic
pump

diaphragm

diaphragm
(two)

hydraulic

1	membrane,	
1	hydraulic

hydraulic	
(two)

Hoek	Loos

Linde

Norsk	Hydro	
Electrolysers

BOC

Air	Liquide

Air	Liquide

Linde

Hydrogenics	
Systems

Mahler	IGS

electrolysis

electrolysis

electrolysis

external	1)

external

steam
reformer	+	
external

external

electrolysis

steam
reformer

Madrid Dispenser 
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1)	London:	details	for	storage	of	liquid	hydrogen	given,	as	in	operation	from	May	2005	in	Hornchurch.
2)	Hamburg:	up	to	120	min	when	taking	in	maximum	capacity.
3)	Stockholm:	interval	between	second	and	third	bus	8	hours	due	to	limited	storage	size.

i n f r a s t r u c t u r e :  t e c h n o l o g y2.

2.1.1 Refuelling Station Technology

The	volumetric	energy	density	of	hydro-
gen	 gas	 under	 ambient	 conditions	 is		
much	 lower	 than	 that	 of	 gasoline	 or		
diesel	(cf.	section	1.2).	Hydrogen	is	there-
fore	 compressed	 in	 order	 to	 reduce	
the	size	of	 the	filling	station	storage,	
to	 keep	 space	 requirements	 onboard	
the	vehicle	at	a	reasonable	 level,	and	
to	ensure	enough	range	for	daily	bus	
operation.	This	 is	not	entirely	new	as	
it	also	applies	 to	natural	gas,	but	 the	
volumetric	 energy	 density	 of	 hydro-
gen	compared	to	methane	–	the	most	
important	constituent	of	natural	gas	–		
is	more	 than	 three	 times	 lower.	 One	
solution	for	compensating	this	disad-
vantage	is	to	move	to	higher	onboard	
gas	pressures,	from	200	bar	(standard	
technology	for	mobile	applications	so	
far,	 both	 hydrogen	 and	 natural	 gas)	
to	350	bar,	and	most	likely	700	bar	in	
the	future.	CUTE	is	the	first	major	trial	

which	 follows	 this	 350	 bar	 concept,	
requiring	 a	 technology	 step	 for	 the	
refuelling	infrastructure.	
The	main	components	of	a	filling	sta-
tion	 for	 compressed	 gaseous	 hydro-
gen	(CGH2)	storage	and	dispensing	are	
compressor	 (one	 or	 more,	 cf.	 below),	
storage	 vessels	 and	 dispenser	 with	
filling	nozzle.

Liquid	hydrogen	(LH2)	performs	about	
as	 well	 as	 natural	 gas	 at	 200	 bar	
regarding	 volumetric	 energy	 density,	
even	 when	 considering	 the	 volume	
for	 the	 insulation	 of	 the	 cryogenic	
tank.	 Liquid	 hydrogen	 storage	 can	
be	 employed	 both	 at	 stations	 and	
in	 vehicles.	 One	 of	 the	 CUTE	 cities,	
London,	 will	 demonstrate	 external	
supply	of	 LH2	and	 its	 storage	on	 site	
at	the	station.	Liquid	onboard	storage	
is	not	 realised	 in	CUTE	as	buses	have	
sufficient	room	on	the	roof	to	accom-
modate	enough	350	bar	pressure	ves-
sels	to	enable	the	desired	range.	
The	 main	 components	 for	 a	 filling	
station	 for	CGH2	 dispensing	with	 LH2 

storage	are	cryogenic	vessel,	cryogen-
ic	 pump	 for	 pressurising	 the	 liquid,	
vaporiser	and	dispenser.

Other	equipment	at	both	types	of	sta-
tion	is,	for	example,	hydrogen	sensors	
and	other	safety	equipment,	depend-
ing	 on	 local	 or	 country-specific	 stan-
dards	 (e.g.	 flame	 detectors,	 sprinkler	
installations	etc.).

BP, �00�

Barcelona 
Filling Station
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2. i n f r a s t r u c t u r e :  t e c h n o l o g y

Compression and Storage Concepts
Overflow Filling
The	rated	pressure	of	the	station	stor-
age	is	higher	than	the	one	of	the	vehi-
cle	 tank	 after	 refuelling.	 Refuelling	
is	 simply	 achieved	 by	 gas	 overflow	
from	the	station	into	the	vehicle	ves-
sels	 and	 pressure	 levelling	 between	
the	two.	This	is	optimised	by	dividing	
the	 storage	 into	 several	 banks	 that	
are	 consecutively	 connected	 to	 the	
vehicles	tank	where	only	the	last	bank	
has	 to	 be	 charged	 with	 a	 pressure	
above	 the	 final	 vehicle	 tank	 level.	 A	
compressor	will	only	be	needed	to	re-
charge	the	storage	of	the	station	but	
is	not	involved	in	the	refuelling.

Booster Filling 
The	station	storage	has	a	 rated	pres-
sure	 below	 that	 of	 the	 vehicle	 tank,	
so	 pressure	 downstream	 the	 station	
vessels	must	be	sufficiently	enhanced	
in	 order	 to	 fully	 charge	 the	 vehicle.	
This	 requires	 a	“booster”	 compressor		
with	a	rated	inlet	pressure	high	above		

ambient	 conditions	 which	 will	 be	
working	 during	 refuelling.	 A	 second		
compressor	 may	 be	 required	 to	
recharge	 the	 storage	 of	 the	 station,	
depending	 on	 the	 characteristics	 of	
hydrogen	supply.

These	 were	 only	 the	 principle	 solu-
tions	and	had	numerous	variants.	For	
example,	 a	 two-step	 system	may	 be	
realised	with	step	one	using	a	pressure	
differential	and	in	step	two	the	filling	
is	 completed	 by	 means	 of	 a	 booster	
(denoted	 as	 “overflow	 +	 booster”	 in	
the	above	 table).	And	 for	 the	 case	of	
compressor	 failure,	 by-passes	 should	
enable	 at	 least	 a	partial	 vehicle	 tank	
filling.	

In	the	case	of	liquid	hydrogen	storage	
and	gaseous	refuelling,	the	liquid	can	
be	pressurised	upstream	the	vaporiser	
using	a	cryogenic	pump.	No	compres-
sor	for	the	gas	phase	will	be	required	
and	refuelling	is	achieved	by	overflow	
filling.

Overflow
filling
system

Booster
filling
system

high pressure
storage

compressor high pressure
storage

compressor 1

compressor 2
(booster)

> 350 bar < 350 bar

dispenser dispenser

The Two Options 
for Gaseous 
Hydrogen 
Refuelling

2. i n f r a s t r u c t u r e :  t e c h n o l o g y

General Requirements
Key	requirements	for	the	CUTE	hydro-
gen	filling	stations	were:
•	 	A	 turn-key	 solution	 from	 only	 one	
supplier	 per	 site	 (including	 on-site	
hydrogen	generation,	if	applicable)

•	 	Compact,	 modular	 units	 and	 com-
ponents	that	can	easily	be	integrat-
ed	 into	 existing	 facilities,	 namely	
a	 bus	 depot,	 not	 interfering	 with	
day-to-day	business	there

•	 	Pre-assembled,	 skid-mounted	 deli-
very	of	the	plant	

•	 	Small	footprint
•	 	A	 full-service	 and	 maintenance	
contract	with	short	response	times	
from	the	turn-key	supplier

•	 	Automatic	 operation	 and	 24	 hours	
surveillance	 possible	 (both	 by	 sup-
plier	and	operator)

•	 	Simple	 handling	 of	 the	 refuelling	
process

•	 	Refuelling	 time	 per	 bus	 not	 more	
than	30	minutes

•	 	Refuelling	 of	 the	 3	 buses	 feasible	
without	or	with	only	a	short	interval

•	 	Hydrogen	quality	not	affected	along	
the	 chain	 from	 on-site	 production	
or	trailer	feed-in,	respectively,	to	the	
refuelling	nozzle	

•	 	In	 case	 of	 on-site	 generation,	 the	
possibility	 to	 produce	 at	 part	 load	
during	periods	of	reduced	demand

Details	 varied	 from	 site	 to	 site	 and	
deviated	 partly	 from	 the	 above	 list.	
For	 example,	 the	 hydrogen	 storage	
size	may	 have	 been	 limited	 to	 a	 cer-
tain	value	by	the	approving	authority	
due	 to	 the	 vicinity	 of	 other	 specific	
installations	 in	 the	 depot	 or	 due	 to	
nearby	 residential	 houses.	 In	 case	 of	
a	small	storage,	the	interval	between	
two	bus	fillings	may	be	several	hours,	
until,	 for	 example,	 the	 on-site	 unit	
has	 produced	 enough	 gas	 to	 refuel	
another	vehicle.

H
EW

/H
ochbahn, �00�

Hydrogen Storage Banks 
at the Hamburg Station
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2. i n f r a s t r u c t u r e :  t e c h n o l o g y

The Electrolysis Process
In	 the	 water	 electrolysis	 process	
the	hydrogen	 is	produced	by	electro-
chemically	 splitting	 water	 molecules	
(H2O)	 into	 their	 constituents	 hydro-
gen	(H2)	and	oxygen	(O2).	The	decom-
position	of	water	 takes	place	 in	a	so-
called	electrolysis	cell	and	consists	of	
two	 partial	 reactions	 that	 take	 place	
at	 two	electrodes.	The	electrodes	are	
placed	 in	 an	 ion-conducting	 electro-
lyte	(usually	an	aqueous	alkaline	solu-
tion	 with	 30	%	 potassium	 hydroxide	
KOH).	Gaseous	hydrogen	 is	 produced	
at	 the	 negative	 electrode	 (cathode)	
and	 oxygen	 at	 the	 positive	 electrode	
(anode).	 The	 necessary	 exchange	 of	
charge	 occurs	 through	 the	 flow	 of	
OH-ions	in	the	electrolyte	and	current	
(electrons)	 in	 the	 electric	 circuit.	 In	
order	to	prevent	a	mixing	of	the	prod-
uct	gases,	 the	 two	reaction	areas	are	
separated	by	a	gas-tight,	ion-conduct-
ing	diaphragm	membrane.	Energy	for	
the	water	 splitting	 is	 supplied	 in	 the	
form	of	electricity.	

To	 achieve	 the	 desired	 production	
capacity,	numerous	cells	are	connect-
ed	in	series	forming	a	module.	Larger	
systems	can	be	realised	by	adding	up	
several	modules.	

Two	types	of	electrolysers	are	common,	
atmospheric	and	pressurised	units.	An	
advantage	 of	 the	 atmospheric	 elec-
trolyser,	working	at	ambient	pressure,	
is	 its	 lower	 energy	 consumption	 but	
the	required	space	for	the	unit	is	rela-
tively	 high.	 Pressurised	 electrolysers	
deliver	 hydrogen	 up	 to	 30	 bar.	 This	
reduces	energy	demand	for	compres-
sion	and	may	even	make	compressor	
stages	redundant.	Today,	atmospheric	
electrolysers	with	 capacities	of	up	 to	
500	Nm3/h	and	pressurised	units	with	
a	 capacity	 range	of	 1	–	120	Nm3/h	 are	
standard	products.	

Anode Cathode

Diaphragm

+ –

O2 H2

e-

H2O/
KOH

H2O/
KOH

OH-

Schematic of Water Electrolysis

Based on N
orsk H

ydro Electrolysers

Electrolyser Module
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Anode:

Cathode:

Overall cell reaction:

	 2	OH-	 	 1–2	O2	+	H2O	+	2	e-

	
	2	H2O	+	2	e-	 	 H2	+	2	OH-

		
	 H2O	 	 H2	+	

1–2	O2

2.1.2 On-site Water Electrolysis

2. i n f r a s t r u c t u r e :  t e c h n o l o g y

Refuelling Process
The	vehicle	must	first	be	grounded	to		
prevent	 electrostatic	 charging	 that	
could	induce	ignition	of	leaked	hydro-
gen.	Next,	 the	nozzle	has	 to	be	 fixed	
to	 the	 connector	 of	 the	 vehicle	 in	 a	
gas-tight	manner.	

The	filling	station	does	not	“know”	the	
status	of	the	vehicle	tank	at	the	begin-
ning	 of	 the	 fill	 regarding	 pressure	
(equivalent	to	the	gas	remainder	and	
its	 temperature).	Therefore,	 a	 sample	
volume	is	first	 injected	into	the	vehi-
cle	tank	and	pressure	response	evalu-
ated	by	the	station	control.	For	defin-
ing	 the	 individual	 refuelling	 process,	
it	 has	 also	 to	 be	 taken	 into	 account	
that	hydrogen,	 like	most	gases,	heats	
up	when	being	compressed.	So	while	

pressure	in	the	vehicle	tank	increases,	
the	temperature	will	also	raise	which	
in	turn	will	affect	the	tank	pressure.	

Thus,	 at	 completion	 of	 the	 fill,	 the	
tank	 will	 not	 necessarily	 display	 350	
bar	 at	 15°C	 but	 both	 values	 may	 be	
higher,	 within	 defined	 boundaries	
(e.	g.	 temperature	 up	 to	 85°C).	 This	
has	to	be	accounted	for	by	the	station	
control	algorithms.	Details	depend	on,	
for	 example,	 ambient	 temperature	
and	whether	or	not	 the	gas	 is	cooled	
upstream	the	nozzle	while	refuelling.	

The	 refuelling	 process	 is	 interrupted	
several	times	in	order	to	inject	further	
sample	 volumes.	 Subsequent	 steps	
of	filling	process	rely	on	adjustments	
based	 on	 the	 most	 recent	 pressure	
response,	in	order	not	to	exceed	pres-
sure	and	temperature	limits.	In	partic-
ular	 it	 has	 to	 be	 assured	 that	 after	
completion	 of	 refuelling	 and	 after	
temperature	 equalisation	 between	
vehicle	 tank	 and	 environment,	 pres-
sure	 does	 not	 exceed	 350	 bar	 any	
more.	 The	 refuelling	 process	 usually	
takes	 about	 15	 (max.	 30)	 minutes,	
depending	on	the	initial	fuel	level	and	
refuelling	control	strategy.

Bus during Refuelling in Luxembourg

PLAN
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State-of-the-art	 electrolysers	 can	 be	
switched	on	and	off	 in	minutes.	They	
are	 thus	 capable	 of	 using	 off-peak	
electricity	with	lower	tariffs	from	the	
grid	and	even	intermittent	renewable	
energy	 sources	 such	as	wind	or	 solar	
power.

A	hydrogen-powered	vehicle	will	only	
contribute	to	CO2-emission	reduction	
if	clean	sources	for	the	energy	supply	
are	 used.	 This	 is	 why	 the	 cities	 that	
employ	 an	 electrolyser	 for	 on-site	
hydrogen	production	base	their	ener-
gy	supply	partly	or	fully	on	renewable	
resources	(see	design	values	table	for	
details).

Water	may	be	supplied	from	the	 tap.	
The	electrolyser	needs	pure	water,	and		
a	 feed	water	 treatment	 system	 is	 in-	
stalled.	About	1	litre	of	water	is	required		

to	produce	1	Nm3	or	0.09	kg	hydrogen.
The	 elevated	 pressure	 of	 10	–	15	 bar	
reduces	 the	energy	demand	for	com-
pression,	 the	 size	 of	 the	 electrolyser,	
and	 the	 size	 and	 costs	 of	 the	 com-	
pressor.

The	 electrolyser	 units	 include	 the	
main	 components:	 transformer,	 rec-
tifier,	 water	 purifier,	 lye	 handling	
system	 (cooling	 and	 pump),	 dryer,	
deoxidiser,	 compressor	 and	 storage.	
As	 the	 buses	 require	 a	 gas	 quality	
better	 than	 99.999	%	 purification	 is	
needed.	 The	 only	 impurities	 direct	
from	the	electrolyser	are	oxygen	and	
water	 vapour.	 Vapour	 is	 removed	 by	
the	dryer	and	oxygen	by	the	deoxidis-
er.	 After	 purification	 the	 hydrogen	 is	
compressed	and	stored.	The	produced	
oxygen	 could	 also	 be	dried	 and	puri-
fied	 for	 use	 in	 other	 applications.	 At	
the	CUTE	sites,	the	oxygen	is	released	
into	the	air	only.

Electrolyser Unit
in Reykjavik 
(ECTOS Project)

Control Panel

Cooling Unit

Electrolyser
Module

Feed Water Treatment

H2 Drier & Deoxidizer

Water Purifier

Transformer

Gas/Lye Separator

H
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Electrolysis Units in the CUTE Project
A	hydrogen	demand	below	100	Nm3/h	
and	 the	 aspects	 of	 reduced	 space	
demand	and	lower	compression	ener-
gy	 requirements	 led	 to	 the	 fact	 that	
all	the	sites	in	the	CUTE	project	using	
electrolysers	 decided	 to	 install	 pres-
surised	units.	

The	 two	 main	 process	 inputs	 are	
electricity	 and	 water.	 The	 electricity	
for	 the	 electrolysis	 is	 taken	 from	 the	
grid	 as	 AC	 voltage,	 stepped	 down	by	
a	 transformer	 and	 converted	 to	 DC	
voltage	by	a	rectifier.	Energy	demand	
is	 higher	 than	 for	 atmospheric	 elec-
trolysis	(4.8	±	0.1	kWh/Nm3	compared	
to	4.1	±	0.1	kWh/Nm3	H2).	This	equals	
an	 efficiency	 of	 ~65	%	 referring	 to	
the	 lower	 heating	 value	 of	 hydrogen		
(3	 kWh/Nm3)	 for	 the	 pressurised		
electrolyser.	

Based on N
orsk H

ydro Electrolysers, �00�

dryer

deoxidiser

to compressor
and storage

lye
cooler

demister

gas/lye
separator

water seal

transformer

control
cubicle

gas
analyser lye tank

high
voltage
supply

rectifier O2 H2

H2O

O2

tapped
water

* compression
optional, depending
on electrolyser design

*

*
water
treatment

Flow Chart of an Electrolyser Unit 

Electrolyser with Two Modules
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City  Amsterdam Barcelona Hamburg Stockholm

Supplier	 	 Stuart	Energy	Europe		 Stuart	Energy	Europe		 Norsk	Hydro	Electrolysers	 Stuart	Energy	Systems

Capacity	 Nm3	H2/h	 60	 60	 60	 60

Power	supply	(installed)	 kW	AC	 400	 400	 390	 400

Power	source	 	 green	(certified)	 grid/PV	on-site		 green	(certified)	 green	(certified)

Power	consumption	 kWh/Nm3	H2	 4.8	±	0.1	 4.8	±	0.1	 4.8	±	0.1	 4.8	±	0.1	
(module	&	pumps)

Availability	 %	 98	 98	 >	98		 >	90

H2	purity	 %	 												b u s 	 m a n u f a c t u r e r 	 s p e c i f i c a t i o n s 	 (>	99.999)

Feed	water	consumption	 	l/hr	at	rated	capacity	 60	 60	 60	 80

Delivery	pressure	 bar	abs	 10	 10	 12	 10

Electrolyte	 %	KOH	 30	 30	 30	 30

Cell	module	lifetime	 years	 7	–	10	 7	–	10	 10	 7	–	10	
(at	continuous	operation)

H2	backup	system	 	 no	 yes	 no	 no	

Dimensions	 L	x	W	x	H	(m)		 12.2	x	2.55	 12.2	x	2.55	 7.7	x	2.5	x	4.3	 12.2	x	2.55	
	 	 x	2.9	(4	incl.	cooler)	 x	2.9	(4	incl.	cooler)	 	 x	2.9	(4	incl.	cooler)

Design values for the cities using electrolysers for on-site hydrogen productionKey Characteristics of Installed 
Electrolyser Technology

Technology Related
•	 	On	 site	 electrolysers	 are	 available	
as	turn-key	solutions.	The	fully	inte-
grated	 operating	 units	 are	 preas-
sembled	 on	 skid-mounted	 frames	
allowing	 simple	 transport	 and	
installation.	 The	 modular	 design	
allows	an	adjustable	capacity	range.

•	 	The	pressurised	electrolysers	feature	
compact	 space-saving	 design	 and	
automatic,	unattended	operation.	

•	 	The	 units	 have	 a	 low	maintenance	
and	 spare	 parts	 need	 since	 no	 or	
only	 few	 moving	 parts	 are	 used	
(depending	on	supplier).	

•	 	The	electrolysers	can	be	operated	in	
a	production	 range	of	 25	–	100	%	of	
the	 rated	 capacity	 and	 plant	 avail-
ability	 is	 projected	 to	 be	 98	%	 or	
higher.

•	 	Energy	 consumption	 is	 4.8	 kWh/	
Nm3	 H2	 ±	 0.1	 kWh	 (electrolyser	 and	
pumps)	and	5.1	kWh/Nm3	±	0.1	kWh	
(incl.	 transformer,	 rectifier	 and	 gas	
cleaning).	These	design	values	refer	
to	 operation	 at	 max.	 load	 and	 an	
output	pressure	of	10	–	15	bar.

Safety Related
•	 	The	electrolyser	plants	are	designed	
to	 fulfil	 the	 highest	 safety	 stan-
dards	 (EN	 regulations, labelling	
and	EC	directives).	This	includes	e.	g.	
a	 safe,	 controlled	 plant	 shut-down	
in	case	of	any	deviations	 from	nor-
mal	 operation	 and	 the	 usage	 of	
leak-proof	gas	and	lye	flow	ducts.

GVB �00�

Electrolyser 
Installation: 
Amsterdam

M
ikael Röhr, �00�

Stockholm On-Site 
Production Unit
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•	 	ion-exchange	 water	 conditioning	
system.	One	option	is	high	pressure	
reforming	 with	 integrated	 heat	
exchangers	and	a	working	pressure	
of	 up	 to	 16	 bar	 which	 reduces	 the	
geometric	 volume	 of	 the	 reformer	
vessels	 and	 is	 ideal	 for	 a	 down-
stream	treatment	by	means	of	PSA	
or	 compression.	 The	 other	 option	
is	 to	 operate	 the	 reformer	 at	 low	
pressures	(1.5	bar)	with	an	increased	
conversion	 ratio	 and	 compress	 the	
reformate	prior	to	purification.

•	 	Steam Reforming and CO-Shift 
Conversion
	 	Methane	 and	 steam	 are	 converted	
within	 the	 compact	 reformer	 fur-
nace	at	approx.	900	°C	 in	 the	pres-
ence	of	a	nickel	catalyst	to	a	hydro-
gen	 rich	 reformate	 stream	 accord-
ing	to	the	following	reactions:

(1)	 CH4	+	H2O	 	 CO	+	3	H2

(2)	 CO	+	H2O	 	 CO2	+	H2

•	 	The	heat	required	for	reaction	(1)	 is	
obtained	by	the	combustion	of	fuel	
gas	and	purge/tail	gas	from	the	PSA	
system.

•	 	Following	 the	 reforming	 step	 the	
synthesis	 gas	 is	 fed	 into	 the	 CO-
conversion	 reactor	 to	 produce	
additional	hydrogen.	Heat	 recovery	

•	 	for	 steam	 or	 feedstock	 preheating		
takes	 place	 at	 different	 points	
within	 the	 process	 chain	 to	 opti-
mise	 the	 energy	 efficiency	 of	 the	
reformer	 system	 (depending	 on	
the	reformer	design).	

•	 	Gas Purification – PSA-System
	 	Hydrogen	purification	is	achieved	by	
means	 of	 pressure	 swing	 adsorp-
tion	 (PSA).	 The	 PSA	 unit	 consists	
of	four	vessels	filled	with	selected	
adsorbents.	The	PSA	reaches	hydro-
gen	purities	higher	than	99.999	%	
by	 volume	 and	 CO	 impurities	 of	

RÜTG
ERS Carbotech Engineering G

m
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S Refom
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height:
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reformate
hydrogen

feed gas
DI water

fuel gas
air

exhaust gas

evaporator/
reformate
cooling
(pat. pending)
< 350°C

FLOX  burner

combustion
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reformer tube
with catalyst
> 850°C

insulation

Exemplary Layout of Modular Reformer 
(High Pressure Type)

i n f r a s t r u c t u r e :  t e c h n o l o g y2.

Introduction
Steam	reforming	using	hydrocarbons	
(i.e.	natural	gas,	 liquid	petroleum	gas	
and	naphtha)	as	feed	is	the	most	com-
mon	process	to	produce	hydrogen.

Until	recently,	steam	reforming	plants	
were	designed	for	production	capacity	
ranging	from	200	up	to	100,000	Nm3/h.		
By	 using	 a	 newly	 developed	 type	 of	
reformer	 it	 is	 now	 possible	 to	 serve	
ranges	of	50	up	to	200	Nm3/h	econom-	
ically	 by	 compact,	 small-scale	 hydro-
gen	generation	plants	based	on	steam	
reforming	of	 natural	 gas.	This	 capac-
ity	 range	 is	well	 suited	 for	 supplying	
small	 vehicle	 fleets	 with	 hydrogen.	
The	 ability	 for	 multiple	 start-up	 and	
shut-down	operation	 is	 important	 to	
allow	a	maximum	of	flexibility.

The Steam Reformer Process
The	 process	 is	 divided	 into	 the	 gen-
eration	 of	 a	 hydrogen	 rich	 reformate	
stream	by	means	of	steam-methane-
reforming	 (SMR)	 and	 the	 following	
hydrogen	 purification	 by	 means	 of	
pressure	swing	adsorption	(PSA).

The	process	route	consists	mainly	of
•	 	Pre-Treatment of the Feed
•	 	The	hydrocarbon	feedstock	is	desul-
phurised	using	e.g.	activated	carbon	
filters,	 pressurised	 and,	 depending	
on	 the	 reformer	design,	 either	pre-
heated	 and	 mixed	 with	 process	
steam	 or	 directly	 injected	 with	
the	 water	 into	 the	 reformer	 with-
out	 the	 need	 of	 an	 external	 heat	
exchanger.	 The	 fresh	 water	 is	 first	
softened	 and	 demineralised	 by	 an	

5
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Steam Reformer Units in the CUTE 
Project
Two	cities,	Madrid	and	Stuttgart,	have	
installed	small	scale	steam	reforming	
plants	onsite.	These	units	were	deliv-
ered	 by	 Carbotech	GmbH	 for	Madrid	
and	 Mahler	 IGS	 for	 Stuttgart.	 The	
reformers	 have	 a	 projected	 thermal	
efficiency	of	near	to	65	%	based	on	the		
lower	 heating	 values	 of	 natural	 gas	
and	hydrogen.

In	 Madrid,	 road	 supply	 of	 hydrogen	
and	on-site	production	run	in	parallel.	
Because	of	 the	 supplementary	 exter-
nal	 hydrogen	 source,	 the	 reformer	
design	 capacity	 (50	Nm3/h)	 could	 be	
determined	below	 the	 rated	demand	
of	 all	 fuel	 cell	 buses	 (75	Nm3/h,	 CUTE	
project	 and	 one	 additional	 vehicle).	
This	allows	longer	periods	of	reformer	
operation	at	full	load	and	reduces	the	
number	of	start-stop	cycles	when	not	
all	buses	are	in	service.

Key Characteristics of the Installed 
Steam Reformer Technology
•	 	The	 steam	 reforming	 plants	 are	
designed	as	turn-key	solutions.	They	
can	either	be	built	on	skids	or	in	one	
container,	 thus	 reducing	 the	 space	
requirement	 (a	net	area	equivalent	
to	 max.	 two	 20-foot	 containers	
including	 the	 PSA	 unit	 is	 needed)	
and	 the	 commissioning	 time.	 The	
only	 interfaces	 needed	 are	 natural	
gas,	water	and	electricity	supply.	

•	 	The	modular	 construction	 allows	 a		
capacity	 extension	 of	 the	 plant	
whenever	 it	 may	 be	 required.	 This	
could	 be	 either	 realised	 by	 adding		
complete	 containerised	 reformer	
modules	 or	 by	 adding	 reformer	
tubes	to	 the	existing	ones	(no	new	
reformer	module	necessary).	

•	 	The	 plants	 are	 designed	 for	 auto-
matic	 and	 unattended	 operation.	
This	 includes	 automatic	 start-up	
and	shut-down	and	automatic	load	
adjustment	using	a	 remote	control	
system	(e.g.	via	internet).

•	 	Hydrogen	quality	is	constantly	moni-	
tored	and	guaranteed	by	the	reformer		
suppliers.

Safety-Related Key Characteristics
•	 	The	reformer	plants	are	designed	to	
meet	 the	 highest	 safety	 standards	
(EN	regulations, labelling	and	EC		
directives).	 Should	any	safety	 relat-
ed	 problem	 occur	 the	 systems	will	
automatically	 switch	 into	 safe	
state.

M
ahler IG

S, �00�

Skid with the
Stuttgart Steam 
Reformer Unit
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City   Madrid Stuttgart 

Supplier	 	 	 RÜTGERS	Carbotech	Engineering	GmbH	 Mahler	IGS

Capacity	 	 Nm3	H2/h	 50	 100

Natural	gas	consumption	 	 Nm3/h	at	rated	capacity	 22	 46.5

Lower	heating	value	nat.	gas		 MJ/Nm3	 39.8	 36

Feed	water	consumption	 	 kg/hr	at	rated	capacity	 60	 150

Power	supply	(installed)	 	 kW	AC	@	380	V	 34	 50

Purification	technology	 	 	 PSA	(4	beds)		 PSA	(4	beds)

H2	purity	 	 %																																													b u s 	 m a n u f a c t u r e r 	 s p e c i f i c a t i o n s 	(>	99.999)

	 	 	 Product gas specification (both sites) Flue gas specification (both sites)	

	 CO	+	CO2	 vppm	 <	2	 <	25	%	(only	CO2)	
	 Hydrocarbons	 vppm	 <	1	 <	0,01	%	(CO	+	CO4)	
	 O2	 vppm	 <	500	 <	4	%	
	 H2O	 vppm	 <	40	 <	20	%	
	 He	+	Ar	+	N2	 vol.	%	 <	1	 <	80	%	(only	N2)	
	 ∑	S	 vppm	 <	1	 <	5	mg/m3	(NOx)	
	 NH3	 vppm	 <	0,01	 	
	 H2	 	 rest	 –

Delivery	pressure	 	 bar	abs	 15	 13

H2	backup	system	 	 		 delivery	by	trailer	 delivery	by	trailer	in	max.	24	h	

Reformer	dimensions	 	 	L	x	W	x	H	(m)	 12	x	3	x	3.5	(incl.	PSA)	 12	x	2.5	x	2.5	 	

less	than	1	vppm	(volumetric	part	per	
million)	 fulfilling	 the	 specifications	
set	by	the	fuel	cell	bus	supplier.
Pure	 hydrogen	 from	 the	 PSA	 unit	 is	
sent	 to	 the	 hydrogen	 compressor,	
while	the	PSA	off-gas	from	recovering	
the	 adsorbents,	 called	 tailgas,	 is	 fed	
to	the	reformer	burner.	Depending	on	
the	 reformer	 design,	 a	 recuperative	
burner	 is	 used	 featuring	 high	 effi-
ciency	 and	 low	 nitrogen	 oxide	 (NOx)	
emissions.	 During	 normal	 operation,	
the	burner	can	be	operated	solely	on	
the	tailgas	stream.

M
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Pressure Swing Adsorption (PSA)

Design values for the cities using steam reformers for on-site hydrogen production
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Gaseous Supply
The	standard	pressure	for	road	trans-
port	 of	 compressed	 gaseous	 hydro-
gen	(CGH2)	is	200	bar,	maximum	pres-
sure	currently	being	300	bar.	A	 trailer	
can	 deliver	 between	 300	 and	 600	kg	
CGH2.	One	delivery	will	thus	only	last	
for	a	very	limited	span	of	time.	Unless	
two	 trailers	 are	 parked	 on	 site,	 the	
schedule	for	exchanging	them	will	be	
tight	and	has	to	work	on	a	strict	just-
in-time	basis	to	guarantee	fuel	supply	
for	the	buses.

Compared	to	liquefaction,	the	energy	
demand	 for	 compression	 is	 signifi-
cantly	 less	 (depending	 on	 input	 and	
output	 pressure).	 Gaseous	 hydrogen,	
once	filled	into	a	pressure	vessel,	will	
remain	there	without	losses.	

In	addition	to	CUTE	cities	that	rely	on	
external	 supply	entirely,	 the	majority	
of	 the	 sites	 with	 on-site	 generation	
have	 the	 opportunity	 to	 use	 hydro-
gen	 from	 central	 sources	 on	 a	 back-	
up	basis	whenever	 required,	 like	dur-
ing	 maintenance.	 Other	 cities	 were	
guaranteed	a	very	high	availability	of	
the	 hydrogen	 production	 unit	 from	
their	 turn-key	 supplier	 and	 therefore	
made	 no	 arrangements	 for	 back-up	
supply.	

External	supply	of	hydrogen	saves	the	
investment	in	a	local	production	facil-
ity	but	 it	does	not	necessarily	reduce	
footprint.	 To	 the	 contrary,	 in	 case	 of	
CGH2,	 space	 for	 at	 least	 two	 trailers	
must	be	made	available	plus	room	for	
parking	manoeuvres.	Some	 transport	
operators	 expected	 disturbances	 in	
their	bus	depot	because	of	hydrogen	
trailer	 traffic	 and	 thus	 opted	 for	 an	
on-site	 production	 solution.	 For	 this	
reason	or	for	 the	 lack	of	space,	a	few	
of	 them	 even	 excluded	 back-up	 sup-
ply	as	their	technology	supplier	guar-
anteed	 sufficient	 availability	 of	 their	
on-site	production	unit	(cf.	above).

Trailer for Gaseous Supply in Luxembourg

PLAN
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Introduction
Hydrogen	 from	 a	 central	 production	
plant	could	in	principle	be	delivered	to	
the	CUTE	 filling	 stations	via	pipeline.	
In	Europe,	however,	only	ca.	 1,000	km	
of	hydrogen	pipelines	exist	and	none	
of	 them	 runs	 near	 one	 of	 the	 CUTE	
facilities.	So	external	supply,	both	on	a	
regular	basis	and	as	a	back-up	source,	
has	 to	 take	 place	 via	 road	 transport.	
Hydrogen	 quality	 is	 certified	 by	 the	
suppliers	for	each	delivery.

London,	Luxembourg	and	Porto	receive	
all	 their	 hydrogen	 fuel	 from	 central	
sources,	Madrid	 part	 of	 the	 demand.	
They	first	all	bought	compressed	gas-
eous	hydrogen	(CGH2).	London	moved	
to	 liquid	 hydrogen	 supply	 in	 May	
2005.

Liquid Supply
A	 truck	 can	 carry	 up	 to	 about	 3.3	
tonnes	of	liquid	hydrogen	(LH2),	equiv-
alent	 to	 about	 36,700	Nm3.	This	way	
of	supply	has	the	advantage	that	one	
delivery	 to	 the	 local	 station	 storage	
can	 last	 for	more	 than	 20	 days	with	
three	buses	 served	 there.	 It	 is	prefer-
able	 for	 long	distances	between	pro-
duction	 site	 and	 consumer,	 common	
in	the	USA.	

A	 drawback	 of	 liquid	 supply	 is	 that,	
due	to	the	very	 low	temperatures,	all	
storage	 vessels	 have	 to	 be	 very	 well	
insulated.	 Small	 amounts	 of	 hydro-
gen	 can	 also	 be	 lost	 if	 the	 station	 is	
not	being	used	for	 refuelling	for	pro-
longed	periods	as	hydrogen	can	start	
to	boil	and	has	 to	be	vented	 in	order	
to	 stay	 below	 the	 maximum	 pres-
sure	of	the	vessel.	This	is	not	however	
a	 problem	 if	 vehicles	 are	 refuelling	
regularly.

Another	 disadvantage	 is	 the	 high	
energy	demand	 for	 liquefying	hydro-
gen.	 It	 amounts	 to	 about	 one	 third	
of	 the	 energy	 contained	 within	 the	
liquefied	hydrogen	(1	Nm3,	containing	
3.54	kWh,	requires	more	than	1	kWh).	
Given	 the	 comparably	 short	 distanc-
es	 from	 central	 production	 sites	 to	
hydrogen	 customers,	 gaseous	 deliv-
ery	is	dominant	in	Europe.	Only	three	
facilities	for	liquefaction	exist	today.Trailer for Liquid Hydrogen Supply

BO
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2.1.4 External Hydrogen Supply
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for	storing	liquid	hydrogen	–	the	only	
one	 in	 CUTE	 (referred	 to	 as	 London	
Hornchurch).

In	the	following	analysis,	station	units	
and,	if	applicable,	production	units	are	
evaluated	separately	(cf.	Figure	2.2.2).

The station units comprise:	hydrogen	
compressor(s)	 for	 high-pressure	 stor-
age	 and	 for	 booster	 refuelling	 (one	
unit	 can	 serve	 both	 purposes),	 high-
pressure	 storage	 (in	 one	 ore	 more	
benches),	 the	 dispenser,	 including	
the	refuelling	nozzle,	the	control	unit	
including	 signal	 transmitters,	 safe-
ty	 devices,	 and	 auxiliaries	 of	 these	
components,	 such	as	a	 cooler	 for	 the	
compressor(s).

The hydrogen production units com-
prise:	 the	 electrolysis	 stack	 or	 the	
natural	gas	reformer,	respectively,	and	
auxiliaries	 such	 as	 water	 condition-
ing,	 cooling,	 compressors	 for	 instru-
ment	 air,	 process	 gas	 and	 hydrogen,	
hydrogen	purification	devices,	control	
unit,	safety	devices,	etc.

Performance of the station units
All	refuelling	stations	were	operation-
al	 (available)	 for	 more	 than	 80	%	 of	
the	time	over	the	two	years	of	opera-
tion	with	the	exception	of	Barcelona.	
The	majority	displayed	an	availability	
of	more	than	90	%	(Figure	2.2.3).	Given	
that	all	CUTE	facilities	are	prototypes,	
this	 level	of	performance	 is	 fully	 sat-
isfying.	
Figure	2.2.4	shows	that	the	hydrogen	
compressors	 were	 the	 most	 critical	
component	across	all	sites	in	terms	of	
downtime	 hours.	 Almost	 50	%	 of	 all	
downtime	was	caused	by	them.	

The	second	most	critical	components	
were	 the	 dispensers,	 namely	 their	
nozzle,	hose	and	breakaway	coupling.	
They	 did	 not,	 in	 fact,	 cause	 a	 great	
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Figure �.�.�: Average availabilities of the station units.

PLAN
ET / BP / Vattenfall, �00�

The	CUTE	hydrogen	refuelling	facilities	
supplied	the	fuel	cell	buses	with	over	
192.000	kg	 hydrogen	 in	 more	 than	
8.900	 refuellings.	 This	 is	 far	 more	
than	in	any	previous	trial	of	hydrogen-
powered	 vehicles.	Over	 120.000	kg	of	
hydrogen	were	produced	on-site	with	
about	56	%	of	this	being	derived	from	
“green”	 electricity,	 i.	e.	 hydro	 power	
and	 combustion	 of	 solid	 biomass,	 in	
Amsterdam,	Hamburg	and	Stockholm	
respectively.	

London	 effectively	 worked	 with	 two	
facilities:	 An	 installation	 with	 gas-
eous	hydrogen	storage	(referred	to	as	
London	Hackney	in	the	following)	was	
in	 place	 until	 the	 final	 unit	 became	
operational	 which	 included	 a	 tank	

i n f r a s t r u c t u r e :  o p e r a t i o n s2.

2.2 Hydrogen Infrastructure Operation:  
Results and Lessons Learnt
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Figure �.�.1: Amounts of hydrogen dispensed at each site. 
Blue bars: Sites with solely external supply. Red bars: Sites with on-site 
electrolysis (external backup possible in Barcelona and Hamburg). Green 
bars: Sites with on-site steam reformers (Madrid with complementing 
regular external supply, Stuttgart with external backup). 

Figure �.�.�: Generalised schematic of the CUTE hydrogen infrastructure 
facilities Hydrogen is supplied by truck from external sources or  
generated on site. It is compressed, stored, and on demand dispensed  
to the buses. Dispensing can take place by pressure differential only  
(decanting), by pressure differential followed by filling up the vehicle  
tank with a booster compressor, or with a booster compressor only.

PLAN
ET / BP / Vattenfall, �00�

PLAN
ET / BP / Vattenfall, �00�



�� ��

Performance of the hydrogen  
production units
The	average	availability	of	the	hydro-
gen	 production	 units	 in	 Amsterdam	
and	 Stockholm	 was	 about	 the	 same	
as	 that	 of	 the	 station	 unit	 and	 well	
above	90	%	(Figure	2.2.5).	In	Hamburg,	
material	problems	caused	a	leak	from	
a	pipe	which	reduced	the	unit’s	avail-
ability	 below	 70	%	 despite	 an	 other-
wise	smooth	operation.	The	magenta	
bar	 in	 Figure	 2.2.6	 is	 entirely	 due	 to	
this	issue.	The	material	problem	could	
not	 be	 foreseen	 based	 on	 previous	
experiences.	It	highlights	the	necessi-
ty	and	value	of	demonstration	under	
everyday	operating	conditions.	

On	 the	whole,	 the	 hydrogen	 produc-
tion	 units	 equipped	 with	 electrolys-
ers	met	expectations	well.	Regarding	
hydrogen	 generation	 from	 natu-
ral	 gas,	 the	 experience	 was	 differ-
ent	 resulting	 in	 lower	 average	 avail-
abilities	 (green	 bars	 in	 Figure	 2.2.5).	
Most	 of	 the	 difficulties	 were	 caused	
by	 the	 reformers	 self	 (Figure	 2.2.7).	
Steam	 reformer	 plants	 at	 industri-
al	 scale	 have	 been	 state-of-the-art	
for	 decades.	 The	 small	 on-site	 units	
in	 CUTE,	 however,	 had	 hardly	 been	
employed	before	and	 therefore	 faced	
challenges	such	as	a	high	level	of	load	
flexibility.	 Their	 compact	 design	 also	
resulted	in	excess	temperature	issues	
and	limited	material	durability.
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categories represent failure and repair of the component and its auxiliaries.
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deal	of	downtime	hours	due	to	failure	
or	 repair	 (see	 the	 relatively	 small	bar	
‘Dispensing’	in	Figure	2.2.4).	However,	
in	the	wake	of	incidents	at	some	sites,	
their	 safety	 was	 discussed	 which	
made	 some	 station	 operators	 close	
down	 their	 facility	 at	 times	until	 the	
issue	was	resolved.	This	was	the	main	
contributor	 to	 the	 ‘Safety	 Concerns’	
bar	of	Figure	2.2.4.	In	sum	‘Dispensing’	
and	 ‘Safety	 Concerns’	 accounted	 for	
about	 20	%	 of	 all	 downtime.	 Safety	
concerns	 regarding	 the	 dispensing	
equipment	 also	 caused	 a	 few	 opera-
tors	 to	 reduce	 the	 maximum	 devel-
oped	pressure	during	 refuelling	 from	
438	bar	to	350	bar	or	400	bar	tempo-
rarily.	Thanks	to	the	work	of	the	Safety	
and	Security	Taskforce	(cf	Section	2.3),	
the	 issues	were	 resolved,	 some	 com-
ponents	 were	 modified,	 and	 opera-
tion	got	back	to	normal.

Downtime	 caused	 by	 the	 production	
unit	due	to	lack	of	fuel	(bar	‘Production	
Unit’	 in	 Figure	 2.2.4)	mainly	occurred	
in	Hamburg	and	Stockholm,	where	no	
external	backup	supply	was	foreseen.	
In	Hamburg,	backup	supply	was	only	
enabled	 during	 the	 second	 year	 of	
operation.	Downtime	under	‘External	
Supply’	represents	fresh	trailers	arriv-
ing	 late	 and	 repairs	 to	 the	 docking	
station.
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Hydrogen losses
The	 typical	value	 for	hydrogen	 losses	
due	to	purging	of	system	components	
and	 background	 leakage	 was	 in	 the	
range	of	5	%	to	10	%	for	sites	with	no	
or	 few	 problems	 during	 the	 operat-
ing	phase,	e.	g.	Porto,	Amsterdam	and	
Stockholm	(Figure	2.2.9).	It	is	interest-
ing	to	note,	there	is	no	significant	dif-
ference	 between	 sites	 with	 external	
supply	and	on-site	generation.	

Sites	with	significant	component	fail-
ures	display	a	higher	level	of	loss.	For	
example,	in	Hamburg	the	storage	had	
to	 be	 emptied	 once	 after	 rupture	 of	
the	 compressor	 membrane	 and	 sub-
sequent	 hydrogen	 contamination.	
In	 doing	 so,	 about	 400	kg	 hydrogen	
were	vented.	Excluding	this	particular	
event	would	reduce	the	loss	factor	to	
less	than	9	%.	

Special	 circumstances	 must	 be	 con-
sidered	 for	 London	 Hornchurch	 and	
Stuttgart:
•	 	The	 liquid	 hydrogen	 storage	 in	
Hornchurch	was	designed	for	a	daily	
withdrawal	 of	 120	kg	 for	 refuelling	
the	buses.	The	actual	 consumption	
pattern,	however,	was	about	60	kg,	
five	 days	 a	 week	 on	 average.	 For	
this	 reason,	 substantial	 boil-off	 of	
liquid	hydrogen	occurred.	According	
to	 expert	 estimates,	 the	 level	 of	
losses	 would	 have	 been	 as	 low	 as	

it	 was	 in	 other	 CUTE	 cities	 if	 the	
anticipated	 consumption	 pattern	
had	prevailed.	

•	 	The	 main	 loss	 mechanism	 in	
Stuttgart	 was	 the	 fact	 that	 the	
reformer	 could	 not	 start	 and	 stop	
hydrogen	 generation	 as	 flexibly	
as	 originally	 projected.	 Therefore,	
instead	 of	 intermittent	 operation,	
the	 reformer	 had	 to	 be	 operated	
continuously	 (at	 the	 lowest	 pos-
sible	production	rate	of	about	50	%),	
even	 at	 times	 when	 the	 hydrogen	
storage	 was	 full.	 As	 a	 result,	 the	
excess	hydrogen	was	vented	to	the	
atmosphere.	

•	 	Over	 a	 period	 of	 six	months	when	
the	 reformer	was	 in	 repair	and	 the	
site	relied	on	external	supply,	hydro-
gen	 losses	 amounted	 to	 only	 6	%.	
This	 confirms	 the	 typical	 range	 of	
loss	 for	 periods	 of	“normal”	 opera-
tion,	as	stated	above.
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Efficiency of on-site hydrogen  
generation and supply
The	dark	bars	in	Figure	2.2.8	represent	
the	efficiency	of	the	production	units.	
The	 light	 bars	 display	 the	 efficien-
cy	 of	 the	 entire	 on-site	 supply	 chain	
down	to	the	refuelling	nozzle	because	
the	 energy	 consumption	 of	 the	 sta-
tion	 unit	 is	 added	 on	 top	 of	 that	 of	
production	 unit.	 In	 this	 way,	 Figure	
2.2.8	 illustrates	 by	 the	 examples	 of	
Amsterdam	 and	 Hamburg	 that	 the	
energy	 demand	 for	 compression	 and	

dispensing	 is	 not	 negligible.	 In	 fact,	
for	 Hamburg	 the	 dark	 and	 light	 bar	
differ	by	almost	9	%.	It	has	to	be	borne	
in	 mind,	 though,	 that	 the	 Hamburg	
site	 was	 illuminated	 with	 effort	 to	
highlight	the	“ice-cube	design”	of	the	
facility’s	 scaffolding	 (see	 photo	 on	
front	page	of	this	summary	of	achieve-
ments).	This	energy	is	included	in	the	
measured	data.	

Figure	2.2.8	also	illustrates	the	conse-
quences	 of	 operating	 steam	 reform-
ers	 at	 part-load.	 The	 rated	 thermal	
efficiencies	based	on	 the	natural	 gas	
input	 are	 stated	 as	 62	%	 at	 50	Nm3/
h	 (Madrid)	 and	 65	%	 at	 100	 Nm3/h	
(Stuttgart).	 Therefore	 an	 overall	 effi-
ciency,	 considering	 natural	 gas	 and	
power	 consumption	 (end	 energy),	 of	
about	60	%	can	be	expected.	However,	
the	 actual	 overall	 figure	 during	 the	
trial	amounted	to	only	about	35	%	on	
average.	 A	 detailed	 analysis	 reveals	
that	 the	units	hardly	operated	at	 full	
load	 but,	 on	 average,	 at	 about	 half	
their	 rated	 capacity.	 As	 the	 reform-
ers	 could	not	be	started	up	and	shut	
down	 as	 easily	 as	 anticipated,	 they	
were	 operated	 continuously	 at	 low	
production	 rates	 that	 matched	 fuel	
consumption	 as	 close	 as	 possible.	
(The	 average	 thermal	 efficiency	 was	
about	 40	%;	 data	 not	 included	 in	
Figure	2.2.8.)
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great	success,	many	challenges	of	the	
past	look	simple	today.	Hydrogen	on-
site	generation	and	350	bar	hydrogen	
refuelling	 are	 not	 a	 vision	 anymore	
but	have	become	a	day-to-day	reality,	
carried	out	thousands	of	times.	It	was	
not	 apparent	 at	 the	 outset	 that	 the	
individual	 technical	 solutions	 would	
perform	so	well.

The	 critical	 components	 in	 terms	 of	
downtime	have	been	identified	above	
(see	 Figures	 2.2.4	–	7).	 These	 quanti-
tative	 findings	 are	 well	 in	 line	 with	
statements	 from	the	bus	and	station	
operators	when	consulted	about	their	
views	on	advances	and	 issues	arising	
from	the	trials.	The	user	interface	was	
given	 first	priority	 in	 terms	of	 safety.	
Operators	 were	 in	 general	 satisfied	
with	 the	 performance	 of	 the	 infra-
structure	 installations.	 The	 level	 of	
their	 individual	 satisfaction	 reflects	
the	availability	of	 the	particular	 local	
facility	 (see	Figures	2.2.3	&	2.2.5).	Bus	
operators	 that	 had	 previous	 experi-
ences	with	CNG-powered	vehicles	and	
refuelling	 installations	 pointed	 out	
that	 there	were	 no	 fundamental	 dif-
ferences	between	CNG	and	hydrogen	
infrastructures.	Contingency	arrange-
ments	 for	 backup	 supply	 turned	 out	
to	be	vital.

Optimisation potentials
Enhanced	system	integration	and	sim-
plification	of	the	infrastructure	facili-
ties	are	required,	especially	for	plants	
that	comprise	on-site	generation	and	
station	 units.	 Although	 all	 CUTE	 cit-
ies	 had	 a	 turn-key	 supplier	 for	 their	
hydrogen	infrastructure	and	the	tech-
nology,	the	major	components	usually	
came	 from	 individual	manufacturers.	
This	 often	 resulted	 in	 redundancies,	
for	 example,	 separate	 controls	 for	
hydrogen	 production	 units	 and	 sta-
tions,	 and	 in	 a	 mismatch	 between	
components.	

It	 will	 be	 of	 great	 importance	 to	
achieve	 a	 basic	 level	 of	 standardisa-
tion	for	hydrogen	refuelling	facilities.	
This	 will	 also	 enable	 turn-key	 sup-
pliers	 to	 choose	 components	 from	 a	
range	of	manufacturers	and,	therefore,	
should	help	to	reduce	the	investment	
cost	and	footprint,	increase	efficiency	
(resulting	in	lower	operating	cost)	and	
advance	overall	performance.	

System	development	should	also	con-
sider,	 to	 a	 greater	 extent,	 the	 special	
needs	 associated	 with	 variable	 load	
patterns,	 intermittent	 operation,	 and	
part-load	conditions.	
Another	focus	must	be	hydrogen	puri-
ty	 monitoring.	 Apart	 from	 the	 chal-
lenge	 that	 fuel	 cell	 manufacturers	

2. i n f r a s t r u c t u r e :  o p e r a t i o n s

The	 reasons	 for	 the	 apparently	 high		
losses	in	London	Hackney	and	Luxem-
bourg	are	still	under	investigation.	

Inert gas consumption
The	 level	 of	 nitrogen	 or	 argon	 con-
sumption	 determines	 the	 frequency	
of	 supplies,	 and,	 thus	 the	 logistical	
effort.	It	is	worth	therefore	evaluating	
the	 level	of	 consumption	at	 the	 indi-
vidual	 CUTE	 sites.	 Several	 inert	 gas	
use	patterns	can	be	made	out:	
•	 	Porto,	Amsterdam,	Barcelona,	Stock-
holm	 and	 Madrid	 mainly	 required	
inert	gas	for	occasional	purging	after	
maintenance	 or	 repair.	 Sometimes	
nitrogen	was	employed	when	an	air		
compressor	failed.	Their	level	of	con-
sumption	 stayed	well	 below	 0,1	m3	
inert	gas	per	kg	hydrogen	refuelled.

•	 	London	 Hackney	 and	 Luxembourg	
used	 inert	 gas	 also	 for	 actuating	
valves.	 Their	 level	 of	 consumption	
was	 in	 the	 range	 of	 about	 0,15	–		
0,25	m3	 inert	 gas	 per	 kg	 hydrogen	
refuelled.	

•	 	Hamburg	 required	 high	 amounts	
of	 nitrogen	 for	 frequent	 purging	
of	 the	 compressor	 when	 the	 facil-
ity	was	 relying	 on	 external	 backup	
hydrogen	supply.

•	 	In	 London	 Hornchurch	 and	 in	
Stuttgart,	 continuous	 purging	 of	
vent	stacks	was	applied.	Accordingly,	
the	 level	 of	 nitrogen	 consumption	
was	 above	 1	m3	 inert	 gas	 per	 kg	
hydrogen	 refuelled.	 In	 Stuttgart,	
continuous	 purging	was	 the	 result	
of	 an	 individual	 hazard	 analysis.	
The	 CUTE	 facility	 was	 located	 on	
the	same	premises	as	a	liquid	natu-
ral	 gas	 tank	 and	 rather	 close	 to	 it.	
In	 London	 Hornchurch,	 continuous	
purging	was	 carried	 out	 as	 a	 stan-
dard	 practice	 for	 liquid	 hydrogen	
facilities.	

Conclusions
The	 various	 hydrogen	 supply	 path-
ways	as	 selected	at	 the	beginning	of	
the	project	have	made	a	 tremendous	
contribution	 to	 the	 wealth	 of	 learn-
ings	from	CUTE.	Now	that	the	operat-
ing	 phase	 has	 been	 completed	 with	
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Several groups of sites can be identified.
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tures	used	in	CUTE	were	adequate	for	
supplying	 small	 fleets.	 Larger	 fleets	
will	 require	 the	 refuelling	 of	 numer-
ous	 units	 concurrently,	 either	 with	
substantially	reduced	refuelling	times	
far	below	 15	minutes	and	no	waiting	
between	 two	 vehicles,	 or	 slow	 refu-
elling	 overnight.	 700	 bar	 refuelling	
would	also	help	by	increasing	vehicle	
range.	 Concepts	 and	 components	 for	
installations	 like	 these	are	as	yet	not	
at	hand.

Most	of	the	infrastructure	facilities	in	
CUTE	were	 located	 in	 the	depot	 that	
also	domiciled	 the	buses.	This	 is	 also	
an	option	for	the	future,	one	favoured,	
in	 particular,	 by	 the	 bus	 operators	
who	had	to	commute	to	their	station	
every	day	during	the	operating	phase	
of	CUTE.	On	the	other	hand,	most	bus	
operators	 dismiss	 the	 idea	 of	 on-site	
hydrogen	generation	for	larger	fleets:	
In	the	first	place,	because	bus	depots	
are	usually	short	of	space	even	with-
out	 additional	 components	 such	 as	
electrolysers	 or	 large	 gas	 storages.	
Secondly,	 bus	 operators	 are	 worried	
about	safety,	and	permitting	a	‘chemi-
cal	factory’	to	be	set	up	on	their	prem-
ises	raises	issues.	Trailer	supply	of	gas-
eous	hydrogen	is	no	solution	for	large	
bus	 fleets	 (either),	 given	 the	number	
of	 deliveries	 that	 would	 be	 required	
and	 the	 traffic	 caused	 by	 them	 –	 in	
the	depot	and	on	public	roads.	

Given	 the	above,	‘near-site’	hydrogen	
supply	has	 to	 be	 explored,	with	gen-
eration	and	bulk	storage	on	a	location	
close	 to	 the	depot	where	 the	 station	
unit	 is	 situated	 and	 connected	 to	 it	
via	pipeline.	

The	 issue	 of	 uniform	 regulations	 for	
the	 approval	 of	 hydrogen	 refuelling	
installations	 needs	 to	 be	 tackled	 in	
order	to	assure	planning	reliability	 in	
all	 parts	 of	 the	 EU	 (and	beyond)	 and	
to	 facilitate	 a	 (cost	 reducing)	 stan-
dardisation	of	the	technology,	as	out-
lined	 above.	 Operating	 experiences	
from	CUTE	and	other	hydrogen	infra-
structures	need	to	be	disseminated	to	
approval	 bodies	 at	 all	 levels	 in	 order	
to	 avoid,	 for	 example,	 local	 authori-
ties	 imposing	highly	over-engineered	
safety	features	because	of	their	 inex-
perience	with	hydrogen	technology.

The	 ultimate	 goal	 is	 that	 hydrogen	
fuel	 for	 transport	 does	 not	 remain	
something	 for	 dedicated	 and	 enthu-
siastic	 stakeholders,	 as	 in	 CUTE,	 but	
becomes	a	mature	product	for	use	on	
the	retail	market.

i n f r a s t r u c t u r e :  o p e r a t i o n s2.

face	 in	 order	 to	 make	 their	 product	
more	 robust	 against	 contaminants,	
systems	 for	 continuous	 hydrogen	
quality	 analysis	 at	 the	 end	 of	 the	
supply	chain,	i.e.	just	upstream	of	the	
refuelling	nozzle,	must	be	developed.	
Such	units	would	have	to	raise	alarm	
in	 case	 of	 acute	 high-level	 impurity	
but	also	track	creeping,	low-level	con-
tamination.

On	the	organisational	side,	infrastruc-
ture	 suppliers	 and	 operators	 need	 to	
develop	clear	concepts	of	how	to	react	
rapidly	to	problems	with	the	installa-
tions,	 especially	 in	 the	 crucial	 ramp-
up	 phases	 of	 operation.	 Accordingly,	
agreements	 with	 component	 manu-
facturers	 and	 local	 contractors	 need	
to	be	in	place.	This	includes	demands	
stemming	from	multi-site	and	multi-
country	 projects,	 such	 as	 language	
and	culture.

A	coherent	framework	for	data	acqui-
sition	and	evaluation	across	sites,	and	
even	 between	 individual	 demonstra-
tion	 projects,	 are	 a	 prerequisite	 for	
success,	 and	 not	 only	 in	 transport-
related	 activities.	 Such	 a	 framework	
must	be	 finalised	before	hardware	 is	
ordered.	There	must	be	one	person	at	
each	 site	 who	 is	 responsible	 for	 the	
capture	 of	 all	 data	 (most	 likely	 from	
several	sources).	These	people	should	
be	trained	in	a	joint	workshop	before	

the	start	of	operation.	The	objectives	
of	the	data	collection	procedure	must	
be	 transparent	 to	 them	 and	 misun-
derstandings	 regarding	 the	meaning	
of	individual	indicators	and	their	data	
bases	 must	 be	 avoided	 as	 much	 as	
possible.	 Again,	 diversities	 regarding	
vocational	 training	 background,	 lan-
guage	 and	 culture	 must	 be	 consid-
ered.

Next steps
The	 nine	 sites	 with	 their	 individual	
technical	solutions	and	operating	con-
ditions	have	produced	 rather	 individ-
ual	 results	 that	 are	 often	 difficult	 to	
compare.	The	example	of	Amsterdam	
and	 Barcelona	 illustrates	 that	 even	
sites	with	 (almost)	 identical	 technol-
ogy	 can	 display	 very	 different	 out-
comes	 in	 terms	 of	 performance	 (see	
Figure	 2.2.5).	 This	 points	 to	 the	 need	
for	‘fleet	trials’	of	hydrogen	infrastruc-
ture	units,	i.e.	installations	that	share	
the	 same	 technology	 and	 are	 oper-
ated	concurrently	at	different	sites	in	
order	to	explore	their	durability	under	
diverse	operating	conditions.	

The	CUTE	project	has	been	an	impor-
tant	early	step	towards	sustainability	
in	(public)	transport	but	there	is	much	
to	 do.	With	 the	next	 steps,	 hydrogen	
as	 a	 fuel	 has	 to	 meet	 even	 more	
closely	 the	 day-to-day	 needs	 of	 bus	
operators.	 The	 hydrogen	 infrastruc-
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•	 	Documentation	 of	 technical	 safety	
requirements	 for	 the	 permission,	
the	manufacturing,	 and	 the	 usage	
of	the	technology.	This	includes	the	
infrastructure	for	the	H2	supply	and	
its	 use	 in	 fuel	 cell	 (FC)	 powered	
buses	 in	 different	 European	 coun-
tries.

The Task 
The	 intention	 of	 WP7	 was	 to	 col-
lect	 and	 use	 experiences	 during	 the	
operation	 of	 the	 FC	 hydrogen	 buses	
and	 the	 hydrogen	 infrastructure.	
Development	 and	 introduction	 of	 a	
monitoring	 scheme,	 as	 well	 as	 data	
collecting	 and	 processing	 have	 been	
key	activities	in	the	project.
The	 scope	 of	 WP	 7	 was	 the	 hydro-
gen	supply	and	hydrogen	station	(see	
Figure	1)

To	 get	 a	 clear	 understanding	 of	 the	
task	it	was	essential	to	develop	a	com-
mon	perception	of	the	terms	Quality, 
Safety and	Methodology.	 Terms	 and	
definitions	 were	 discussed	 with	 the	
CUTE	 cities	 and	 agreed	 in	WP	 leader	
meetings:
•	 	Quality	should	adhere	to	the	under-
standing	 of	 quality	 as	 described	
in	 EN-ISO	 9000:2000:	 “Degree	 to	
which	a	set	of	characteristics	fulfils	
requirements.”	 In	the	CUTE	context	
this	means:	“A	set	of	characteristics	

of	 the	 hydrogen	 supply,	 hydrogen	
stations	 and	 the	 connected	 pro-
cesses	 that	 meet	 the	 needs	 and	
expectations	of	the	bus	companies,	
the	operators,	and	other	 interested	
parties”.

•	 	Safety	was	understood	as	described	
in	 IEC	 61511:	 “Freedom	 from	 unac-
ceptable	 risk1”	 or	 as	 described	 by	
the	 Australian	 Council	 for	 Safety	
and	 Quality	 in	 Healthcare	 and	
slightly	modified	by	 the	WP	 leader	
group2:	 “A	 state	 in	 which	 risk	 has	
been	 reduced	 to	 a	 tolerable	 level”.	
In	the	CUTE	context	this	was	under-
stood	as:	“A	 state	 in	which	 the	 risk	
is	 below	 an	 acceptable	 limit,	 and	
where	the	efforts	and	costs	needed	
to	reduce	the	risk	for	harm	is	higher	
than	 the	 negative	 impact	 of	 the	
harm”.	

Water

Natural gas

Electricity

Hydrogen
dispenser

FC hydrogen bus

Energy losses

Emissions and noise

Trucked in hydrogen

Hydrogen 
production

Hydrogen
storage

Figure �.�.1: The 
scope of WP�, 
Quality and Safety 
Methodology

1	IEC	61511-1:2003	(E):	Risk:	Combination	of	the	frequency	of	occurrence	of	harm	and	the	
severity	of	that	harm.	Harm:	Physical	injury	or	damage	to	the	health	of	people,	either	directly	
or	indirectly,	as	a	result	of	damage	to	property	or	to	the	environment.
2	“Acceptable	level”	changed	to	“tolerable	level”	by	the	WP	leader	group	in	order	to	fit	the	
ALARP	–	as	low	as	reasonable	practicable	–	principle	
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Quality and Safety Methodology

Introduction
Quality	 and	 safety	 has	 been	 a	major	
concern	 in	 the	 CUTE	 project.	 This	 is	
reflected	 in	 the	 three	 criteria	 laid	
down	for	success	in	the	trial,	namely:
•	 	No	major	accidents	
•	 	High	 performance	 of	 the	 fuel	 cell	
buses	and	the	hydrogen	infrastruc-
ture	

•	 	Experiences	and	lessons	learnt	from	
data	 generation	 and	 access	 should	
be	 applicable	 for	 the	 development	
of	future	stations.	

In	 order	 to	 learn	 as	 much	 as	 pos-
sible	 from	 the	 project,	 there	 was	 a	
requirement	that	the	performance	of	
the	buses	 and	 the	hydrogen	 stations	
should	 be	 monitored.	 The	 data	 and	
information	should	be	generated	in	a	
systematic	 way	 and	 be	 accessible	 to	

all	project	partners.	The	purpose	was	
to	 use	 the	 information	 for	 further	
development	 of	 technology	 and	 sys-
tems	for	future	projects.	

Work	 Package	 7	 (WP7)	 focused	 on	
quality	and	safety	methodology	in	the	
CUTE	project.	The	purpose	of	the	work	
was	 to	 identify	 and	 recommend	 a	
quality	and	safety	methodology	to	be	
used	when	establishing	future	hydro-
gen	refuelling	stations.	The	objectives	
for	WP7	were	as	follows:
•	 	Development	of	a	quality	and	safe-
ty	methodology	to	be	used	as	basis	
for	 guidelines	 for	 future	 hydrogen	
filling	 stations.	 The	 methodology	
will	be	developed	based	on	existing	
knowledge	and	monitoring	of	CUTE	
project	 activities	 and	will	 focus	 on	
the	likely	future	needs	and	require-
ments	of	transport	companies.	

i n f r a s t r u c t u r e :  q u a l i t y  a n d  s a f e t y2.
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and	 improved	 on-site	 production	 are	
examples	 of	 a	 systematic	 handling	
of	deviations.	A	quality	management	
methodology	for	continuous	improve-
ment	 is	 the	 PDCA	methodology,	 also	
known	 as	 the	 Deming	 methodolo-
gy3.	The	methodology	comprises	four	
basic	 steps:	 Plan	 what	 to	 do	 –	 Do	
what	you	have	planned	–	Monitor	and	
Check	 the	 results	 of	 what	 you	 have	
done	–	Act	to	correct	as	needed.

The	 CUTE	 project	 implemented	 the	
PDCA	 approach.	 The	 common	 data	
collection	 and	 reporting	 system	 and	
the	project	meetings	involving	all	the	
sites	proved	valuable	 in	developing	a	
common	appreciation	of	performance	
monitoring.	 DaimlerChrysler	 and	
Ballard	used	 the	PDCA	approach	effi-
ciently	 during	 the	 planning	 and	 the	
operation	 of	 the	 buses.	 Deviations,	
e.	g.	 transmitter	 failures,	 were	 dealt	
with	efficiently,	and	the	overall	results	
have	been	of	a	high	quality.	Customers	
were	satisfied.	

The	PDCA	approach	was	used	for	 the	
hydrogen	 stations	 as	 well,	 but	 not	
as	 uniformly	 as	 for	 the	 buses.	 This	
was,	however,	improved	by	commenc-
ing	a	common	incident	and	follow-up	
system	 introduced	 by	 the	 Task	 Force	
for	 Safety	 and	 Security	 in	 2004.	 The	
reporting	and	handling	of	deviations	
was	 done	 locally.	 Safety	 related	 inci-
dents	 were	 discussed	 and	 followed-
up	within	groups	of	project	partners.	
More	than	60	incidents	were	reported	
in	 this	common	reporting	system.	All	
in	 all,	 the	 quality	 of	 the	 hydrogen	
stations	 did	 not	 meet	 expectations.	
Some	 of	 the	 stations	 were	 reliable,	
with	satisfactory	performance.	Others	
were	 inoperative	 for	 various	 reasons,	
causing	 considerable	 down-time	 for	
the	local	project.	

3	A	general	
process	method-
ology	for	Total	
Quality	Control	
(TQC)	introduced	
by	the	American	
statistics	W.E.	
Deming	in	the	
late	1940’s.

Fuel Cell Bus in wintery conditions in Stockholm

Per W
estergard
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•	 	Methodology	 was	 understood	 as	
described	 in	 the	 Oxford	 Advanced	
Learner’s	 Dictionary	 of	 Current	
English:	 “(a)	 Science	 or	 study	 of	
methods	 (b)	 set	 of	 methods	 used	
in	working	with	something”.	 In	the	
CUTE	 context	 this	 meant:	 “A	 set	
of	 methods	 used	 in	 working	 with	
quality	 and	 safety	 in	 all	 phases	 of	
the	CUTE	project”	

All	 the	 cities	 as	well	 as	other	project	
partners	 have	 contributed	 valuable	
feedback	and	input	to	the	monitoring	
programme,	to	the	quality	and	safety	
approach,	 and	 to	 the	 results	 in	WP7.	
The	work	involving	the	cities	was	dis-
cussed	 in	 all	 the	 CUTE	 project	meet-
ings.	 In	 the	 operational	 phase,	 the	
leader	 of	WP7	met	 with	 each	 of	 the	
cities	individually	throughout	2004.
The	 data	 and	 information	 were	 col-
lected	 through	 the	 project’s	 Mission	

Profile	 Planning	 (MIPP)	 system,	
through	 the	 Incident	 Reporting	
Scheme,	through	responses	to	specific	
questionnaires	 developed	 by	 FLEEA,	
in	project	meetings	and	 in	 individual	
meetings.

The Results 
Quality
Communication	of	 requirements	 and	
expectations	between	the	city	project	
groups	 and	 other	 stakeholders	 such	
as	 the	 suppliers,	 the	 authorities,	 the	
public	 and	 the	 project	 management	
was	 important	 for	 the	 project’s	 suc-
cess.	

In	 order	 to	 assess	 any	 gap	 between	
real	 performance	 and	 what	 was	
expected,	 monitoring	 and	 communi-
cation	of	deviations	turned	out	to	be	
a	valuable	tool.	This	is	in	line	with	the	
ISO	 standard	 on	Quality	 and	 the	 use	
of	the	Plan	Do	Check	Act	(PDCA)	tool.	
To	close	any	gap	between	real	perfor-
mance	 and	what	 is	 expected,	 and	 in	
this	 way	 encourage	 quality	 improve-
ment,	 all	 deviations	 needed	 to	 be	
recorded,	 followed	up	and	 communi-
cated	 systematically.	 This	 was	 done	
in	CUTE.	One	result	was	the	improved	
hydrogen	 filling	 nozzle	 coupling.	
Improvements	 were	 also	 achieved	
locally.	 Improved	 dispenser	 systems,	
improved	 hydrogen	 compressors	

P: Plan
D: Do
C: Check
A: Act

A system 
that provides 
transparency and 
traceability.

PA

C D
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Experiences	 from	 the	 two	 years	 of	
operation	demonstrate	that	the	hydro-
gen	supply	and	the	hydrogen	stations	
in	 particular	 have	 not	 performed	 as	
expected.	There	were	many	deviations	
from	the	planned	operation.	The	day-
to-day	 back	 up	 at	 the	 hydrogen	 sta-
tions	needs	to	be	designed	and	estab-
lished	 to	 align	 with	 the	 maturity	 of	
this	 technology	and	user	 knowledge.	
Experiences	from	the	successful	oper-
ation	of	the	buses	could	be	utilised	for	
the	 hydrogen	 stations.	The	 following	
topics	need	to	be	addressed:
1. 		Operational	 issues,	 e.	g.	 automated	
operation,	 follow	 up,	 service	 and	
maintenance

2.		User	interface	and	local	service	sys-
tem

Recommended Quality and Safety 
Methodology for Future Hydrogen 
Stations
The	Quality	 and	 Safety	Methodology	
recommended	 to	 be	 used	 for	 the	
establishment	and	operation	of	future	
hydrogen	stations	can	be	outlined	as	
follows:
•	 	Follow	 the	 steps	 for	 a	 fixed	 asset	
project	 in	 the	 establishment	 of	 a	
hydrogen	station.

•	 	Identify	 the	 main	 stakeholders,	
including	 authorities,	 and	 their	
requirements,	 goals	 and	 expect-
ed	 performance	 at	 an	 early	 stage.	
Address	 these	 issues	 at	 the	 design	
level	 to	 develop	 an	 inherently	 safe	
facility.

•	 	Use	a	risk	based	safety	management	
approach	and	 industrial	safety	pol-
icy	practice	to	identify	hazards	and	
risks.	Implement	risk	reducing	mea-
sures,	wherever	needed,	to	ensure	a	
facility	with	tolerable	risk.

•	 	Apply	 recognized	 methods	 for	 risk	
analysis	and	risk	control	in	all	phas-
es	of	 establishment,	operation	and	
decommissioning	 of	 the	 hydrogen	
station.	

•	 	Apply	 the	 ISO	standards	on	quality	
(ISO	9001:2000),	taking	the	require-
ments	 of	 the	 customers	 and	 inter-
ested	 parties	 (stakeholders)	 as	 a	
basis	for	the	development	of	inher-
ent	 performance	 characteristics	 of	
the	station	and	related	systems.

•	 	Implement	quality	and	safety	man-
agement	as	an	integral	part	of	daily	
work.	Establish	a	management	sys-
tem	 with	 procedures,	 instructions	
and	 checklists	 that	 provides	 sys-
tematic	monitoring	and	follow-up.	

•	 	Implement	 a	 management	 system	
that	 enables	 and	 encourages	 inci-
dent	reporting	and	follow-up.	

•	 	Use	 the	 results	 from	 quality	 and	
safety	 monitoring	 for	 continuous	
improvement	 of	 the	 hydrogen	 sta-
tions	 and	 appurtenant	 systems.	
The	 PDCA	 methodology	 is	 recom-
mended.

2. i n f r a s t r u c t u r e :  q u a l i t y  a n d  s a f e t y

The	 fuel-cell	 buses	 have	 performed	
far	better	than	expected	by	all	project	
partners	and	 stakeholders.	An	exten-
sive	 service	 and	 maintenance	 pro-
gramme	with	on-site	personnel	have	
been	one	of	the	keys	to	this	success.	

Safety
The	 establishment	 of	 the	 Safety	 and	
Security	 Task	 Force	 in	 June	 2004	
turned	 out	 to	 be	 a	 major	 improve-
ment	 for	 the	 communication	 of	 inci-
dents	 and	 lessons	 learnt	 during	 the	
operational	phase	of	the	project.	
Experiences	from	the	safety	and	secu-
rity	 related	 incidents	 that	 had	 been	
reported	were	 shared	 and	 discussed.	

The	Task	Force	was	comprised	of	both	
operators	 and	 suppliers.	 The	 contri-
bution	 of	 Task	 Force	 members	 from	
the	 ECTOS	 project	 in	 Reykjavik	 and	
the	 STEP	 project	 in	 Perth	was	widely	
recognized.	More	 than	 60	 deviations	
and	 incidents	 were	 reported	 by	 the	
CUTE,	 ECTOS	 and	 STEP	members	 and	
suppliers.

To	 control	 safety	 risks	 involved	 with	
the	 hydrogen	 infrastructure,	 a	meth-
odology	in	line	with	risk	based	safety	
management	 was	 recommended.	 By	
applying	 this	methodology	 in	 design	
and	 construction,	 inherent	 safety	 is	
emphasized.	 By	 safety	 risk	 assess-
ment	 any	 need	 for	 additional	 safety	
measures	is	identified.	

The	approach	of	an	incident	reporting	
and	follow-up	system,	in	line	with	risk	
based	 safety	 management	 was	 also	
applied	in	the	operation	of	the	hydro-
gen	stations.
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Figure �.�.�: Nature of Safety Incidents during Operational Phase of CUTE 
Project

Risk analysis

Hazard
identification

Hazard
assessment

Risk
estimation

Risk
evaluation

Consequence
assessment

Probability
assessment

Acceptance
criteria

Risk
reduction

Risk control

Figure �.�.�: Risk Based Safety Management Model
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Overall length	 mm	 11,950

Overall width	 mm	 2,550

Overall height	 mm	 3,688

Min. turning diameter	 mm	 21,542

Curb weight	 kg	 ~	14,000

Gross weight	 kg	 standard:	18,000	

	 kg	 with	special	permit:	19,000

Max. front axle load	 kg	 7,245

Max. rear axle load	 kg	 12,000

Passenger seat number	 	 ~	30	depending	on	customer	requirements

Max. passenger number	 	 <	70	@	18	t	gross	weight	
	 	 >	70	@	19	t	gross	weight

EM
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Madrid Bus

The Fuel Cell Drive Train
General Description
The	 HY-205	 P5-1	 engine	 is	 the	 fifth	
generation	of	heavy-duty	drive	trains	
developed	 in	 Ballard,	 Vancouver	
(Canada).	It	was	designed	around	the	
newest	Mk9	stack	technology	to	effi-
ciently	convert	gaseous	hydrogen	fuel	
and	atmospheric	oxygen	directly	into	
electricity	and	water.	The	electricity	is	
fed	to	a	compact	but	powerful	liquid-	
cooled	 electric	motor	which	provides	
the	 bus	 traction	 and	 also	 drives	 the	
fuel	 cell	 engine	 auxiliaries	 and	 the	
bus	auxiliaries	through	a	central	gear	
case.

The	 P5-1	 fuel	 cell	 engine	 design	 and	
architecture	focuses	on	reliability	and	
durability	by	using	as	many	industrial	
auxiliaries	as	possible.	The	drive	train	
arrangement	 in	 the	 vehicle	 address-
es	 European	 safety	 regulations	 and	
standards.	 It	 is	 designed	 to	 enable	 a	
direct	 replacement	 of	 a	 diesel	 drive	
train	 commonly	 used	 in	 bus	 applica-
tions.	The	 electric	motor	module	 has	
conventional	mounts	and	an	industry	
standard,	 SAE	 1	 transmission	 flange.	
It	can	be	mated	to	any	suitable	auto-
matic	 transmission	 and	 differential	
to	 provide	 a	 reliable	 vehicle	 traction	
system	 with	 excellent	 hill-climbing	
ability,	 fast	 acceleration	 and	 high	
road	 speed.	 The	 electric	 motor	 oper-
ates	continuously	 from	an	 idle	speed	
of	 about	 600	rpm	 to	 a	maximum	 of	
about	2,100	rpm.

Characteristics of the Fuel Cell Citaro

b u s  o p e r a t i o n s :  t e c h n o l o g y3.

Introduction
One	 of	 the	 main	 goals	 of	 the	 CUTE		
program	was	to	collect	as	much	field	
experience	as	possible	with	the	fuel	cell	
technology.	 Results	 from	 the	 NEBUS,	
the	 first	Mercedes-Benz	 fuel	 cell	bus,	
had	 shown	 that	 it	was	not	necessar-
ily	the	fuel	cell	 itself	which	was	deci-
sive	for	vehicle	availability	but	in	fact	
the	 various	 auxiliary	 units.	 From	 the	
start	of	the	development	phase	of	the	
Fuel	Cell	Citaro,	special	attention	was	
therefore	 given	 to	 maximising	 the		
use	of	 series-production	components	
in	order	to	achieve	a	high	availability	
of	the	entire	drive	train.	
For	 this	 reason	 it	 was	 decided	 to	
develop	the	fuel	cell	drive	train	based	
on	 the	 conventional	 Mercedes-Benz	
Citaro,	 employing,	 besides	 the	 main	
components	 such	 as	 alternators,	

compressors	 etc.,	 also	 the	 standard	
automatic	 transmission,	 while	 being	
aware	 that	 this	might	 have	 negative	
effects	on	the	vehicles’	fuel	economy.
A	 fuel	 cell	 in	 principle	 reverses	 the	
electrolysis	 process,	 generating	 elec-
tricity,	 heat	 and	 water	 vapour	 from	
pure	hydrogen	and	oxygen	contained	
in	air.

The Fuel Cell Citaro
The	Fuel	Cell	Citaro	is	based	on	the	12-	
metres	series	vehicle	of	EvoBus	which	
features	 a	 standing	 platform	 in	 the	
left	 rear	 area	 for	 placing	 a	 standing	
engine	as	well	a	an	automatic	 trans-
mission.	The	body	shell	work	of	these	
vehicles	 was	 reinforced	 especially	 in	
the	area	of	 the	roof	due	 to	 the	 three	
tons	of	extra	load	for	the	fuel	cell	drive	
train	and	the	air	conditioning	system.	
The	 suspension	has	been	adapted	 to	
accommodate	the	higher	weight	and	
the	increased	tendency	to	roll.
No	modifications	 to	 the	 entirely	 low	
floor	 construction	 and	 the	 door	 con-
cept	 were	 necessary.	 Also	 the	 out-
side	dimensions	remained	unchanged	
except	 for	 the	 vehicle	 height	 which	
is	 approx.	 3.70	m	due	 to	 the	 fuel	 cell	
drive	 train	 and	 the	 fans	 of	 the	 cool-
ing	module.	The	technical	data	in	the	
table	describe	the	vehicle	comprehen-
sively.

GVB, �00� 

Fuel Cell Bus in Amsterdam
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Fuel Cell Bus in 
Hamburg

of	 the	 fuel	 cell.	 As	 soon	 as	 hydrogen	
and	oxygen	reach	the	reaction	surface	
of	 the	 fuel	 cell	 membrane,	 the	 elec-
trical	 voltage	 starts	 to	 build	 up.	 The	
inverter	is	switched	on	when	the	nec-
essary	minimum	 operational	 voltage	
of	 the	motor/inverter	 is	 reached.	The	
starter	is	disconnected	after	the	oper-
ational	conditions	have	stabilised.

Driving 
When	the	driver	activates	the	throttle	
pedal,	the	angle	position	of	the	pedal	
is	 converted	 by	 the	 controller	 into	 a	
torque	 request	 signal	 (drive	 control-
ler).	 The	 torque	 request	 is	 then	 con-
verted	 into	 direct	 current	 (DC).	 The	
supplied	DC	level	depends	on	the	air-
flow	 available	 to	 the	 fuel	 cell.	 The	
airflow	 increases	 proportionally	with	
the	 current	 demand.	 Accordingly	 the	
airflow	 is	 the	 key	 mechanism	 for	 a	
load	change.

The	hydrogen	flow	is	not	actively	con-
trolled.	Instead	the	hydrogen	pressure	
tracks	the	fuel	cell	air	pressure.	This	is	
accomplished	through	a	pressure	reg-
ulator	that	has	been	custom	designed	
for	 this	 application.	 To	 obtain	 a	 fast	
air	 flow	 response	 and	 to	 achieve	 the	
correct	fuel	stoichiometry,	the	air	flow	
must	 be	 tightly	 controlled.	 For	 this	 a	
control	 mechanism	 is	 required	 that	
controls	 the	 air	 flow	 independent-
ly	 from	 the	 motor	 speed	 and	 drive	

speed.	The	air	diverter	valve	provides	
the	 independent	 control	 of	 the	 air	
flow	 from	 the	motor	 speed.	Through	
this	 valve	 the	 required	 air	 flow	 for	
the	 fuel	 cell	 operation	 can	 be	 con-
trolled	 partially	 independently	 from	
the	speed	of	the	air	compressor.	

During	 the	 run-up	 procedure	 the	
torque	 request	 or	 current	 request	 is	
converted	into	the	airflow	that	corre-
sponds	to	the	operational	condition.	
During	 the	 turn-down	procedure	 the	
motor	 continues	 to	 run	 in	 controlled	
mode	 relative	 to	 the	 brake	 function	
and	the	torque	that	is	required	for	dri-
ving	the	associated	auxiliary	drives.
If	 no	 current	 is	 demanded	 from	 the	
fuel	cell,	the	reaction	gases	(hydrogen	
and	 oxygen)	 are	 not	 consumed	 and	
remain	 in	 the	 fuel	 cell	 until	 another	
load	change	is	requested.	

Shut-Down
The	fuel	cell	drive	is	shut	down	either	
by	driver	control	(e.g.	the	ignition	key	
is	placed	 into	shut-down	position)	or	
with	the	emergency	shut-down	circuit	
breaker.	During	the	shut-down	proce-
dure	 the	 shut-down	 valves	 on	 each	
storage	 tank	 are	 closed	 respectively.	
At	 the	 same	 time	 the	 main	 electri-
cal	breaker	opens	and	 the	 remaining	
hydrogen	in	the	fuel	cell	is	discharged	
over	 the	 “Purge	 Diffuser”	 into	 the	
atmosphere.	The	motor	stops	turning	

b u s  o p e r a t i o n s :  t e c h n o l o g y3.

The	 HY-205	 fuel	 cell	 drive	 comprises	
the	following	main	systems	and	func-
tional	groups	 (cf.	 figure).	These	mod-
ules	 are	 integrated	 packages	 with	
defined	fluid,	electrical	and	mounting	
interfaces.	 They	 are	 connected	 with	
each	other,	and	to	the	bus,	with	inter-
connection	 piping	 and	 power-wiring	
systems.	In	addition	to	the	main	units,	
the	hydraulic	pump	circuit	 and	 lubri-
cation	 oil	 circuit	 are	 powered	 by	 the	
auxiliary	gear	case.	The	24	VDC	supply	
is	provided	by	three	belt	driven	alter-
nators	 which	 are	 also	 driven	 by	 the	
auxiliary	gear	case.

Functional Description

Start-Up
The	 fuel	 cell	 drive	 is	 started	 in	 the	
same	 way	 as	 normal	 diesel	 drive	
trains	 with	 the	 coach	 ignition	 key.	
Upon	 completion	 of	 the	 controller	
test	 cycle,	 the	 starter	 puts	 the	 elec-
trical	 motor	 into	 idle	 speed	 and	 the	
main	 hydrogen	 shut-off	 valve	 opens.	
In	parallel,	the	air	compressor	which	is	
connected	 to	 the	auxiliary	gear	 case,	
initiates	 the	 airflow	 to	 the	 cathode	
side	of	the	fuel	cell	stacks.	

The	hydrogen	pressure	regulator	which	
maintains	 the	 hydrogen	 pressure	
slightly	above	 the	air	pressure,	 starts	
and	induces	the	anode	hydrogen	flow	

a  Hydrogen Fuel Storage 
System Incorporating 
350 bar Hydrogen 

 Pressure Vessels with 
 a total Capacity of  
 about 40 – 42 kg.
b Fuel Cell Modules (two)
c Interface Module and Piping System 
d Radiators for Heat Transfer
e Inverter for Converting DC into 3 Phase Alternating Current
f Auxiliary Gear Case and Electric Drive 
g Automatic Torque Converter
h Fuel Cell Control Device
i Air Supply System
j Cooling System

The HY-�0� P�-1 Drive Train Main 
Subsystem Locations
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Cooling System
The	 fuel	 cell	 process	 produces	waste	
heat	 that	 must	 be	 removed	 from	
the	 fuel	 cell	 modules	 to	 sustain	 the	
proper	operating	conditions.	The	cool-
ing	 circuit	 is	 provided	with	 a	 special	
de-ionised	 (DI)	water/ethylene	 glycol	
mixture	 that	 is	 non-conductive.	 Two	
coolant	 diverter	 valves	 control	 the	
correct	 cooling	 flow	 and	 the	 correct	
coolant	 inlet	 temperature	at	 the	 fuel	
cell.	The	 control	 is	 independent	 from	
the	 inlet	 and	 outlet	 temperatures	 of	
the	fuel	cell.

The	 heat	 of	 the	 fuel	 cell	 module	 is	
discharged	 to	 the	 atmosphere	 via	 a	
heat	exchanger	and	two	hydraulically	
driven	 fans.	 The	 heat	 exchangers	 of	
the	 drive	 train,	 the	 coach	 cabin	 and	
the	 transmission	 retarder	 are	 also	
connected	to	this	cooling	system.	
The	 fan/radiator	 module(s)	 include	
the	 radiator(s),	 air	 flow	 ducting,	 the	
hydraulically	 driven	 motor	 fan(s),	
and	 the	 hydraulic	 control	 valves	 and	
plumbing.	A	hydraulic	pump	provides	
power	for	the	fan	motor(s).

The Water/Glycol Cooling System
The	 DI-water/glycol	 cooling	 system	
includes	a	reservoir,	a	control	valve,	a	
de-ionising	 filter,	 a	 freeze-protection	
system	and	various	control	valves.	The	
DI-water/glycol	 cooling	 system	 only	
uses	 approved	 materials	 to	 prevent	
contamination	 of	 the	 coolant	 fluid.	
The	 water/glycol	 system	 also	 cools	
the	 inverter/controller	 and	 the	 auto-
matic	transmission	retarder.	

The	 hardware	 described	 above	 is	
packaged	 in	 a	 self-contained	module	
which	 interfaces	 via	 fluid	 ports	with	
the	 fuel	 cell	 stack	 modules	 and	 the	
water/glycol	system,	mounted	in	vari-
ous	locations	in	the	bus.

The	electric	traction	motor	cooling	oil	
is	cooled	by	a	separate	air-cooled	radi-
ator.	This	circuit	also	provides	heat	to	
the	bus	cabin	heating	system.	The	sec-
ond	water/glycol	circuit	is	designed	to	
allow	the	use	of	standard	cooling	sys-
tems	materials	 and	 heat	 exchangers	
commonly	used	in	the	cabin	heating	
area	of	a	standard	bus	application.

Ballard/EvoBus, �00�
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and	the	hydrogen	pressure	is	reduced	
to	atmospheric	level.	All	electrical	sys-
tems	of	the	fuel	cell	drive	are	discon-
nected.	 The	 24	 VDC	 of	 the	 on	 board	
system	 remains	 connected.	 The	 fuel	
cell	is	then	in	safe	shut-down	mode.	

Subsystems

The Fuel Cell Stack Module
The	 fuel	 cell	 modules	 contain	 the	
fuel	 cell	 stacks,	 consisting	 of	 6	 dis-
crete	cell	rows	attached	to	a	manifold	
plate.	 On	 the	 one	 side	 the	 cell	 rows	
are	 attached,	 on	 the	 opposite	 side	
the	 reactant	 conditioning	 system	 is	
attached.	 The	 stack	 contains	 a	 mod-
ule	 which	 is	 the	 air	 and	 hydrogen	
humidifier,	their	associated	hardware,	
the	fuel	cell	hydrogen	regulating	and	
re-circulation	 system	 hardware,	 and	
the	 electronic	 cell	 voltage	 monitor-
ing	 system.	 The	 stack	 modules	 are	
fully	 enclosed	 to	prevent	 contamina-
tion	 and	 thermal	 impact.	 They	 are	
ventilated	with	 a	 filtered	 air	 stream.	
The	 modules	 can	 be	 removed	 as	 a	
complete	 unit	 for	 servicing.	 For	 this	
application	 the	 two	 stack	 modules	
are	located	on	top,	and	in	the	middle,	
of	 the	 roof,	 mounted	 with	 a	 special	
mounting	bracket.

Purge Diffuser
Due	 to	 hydrogen	 fuel	 contamination	
and	 to	 condensation	 that	 can	 result	
in	 water	 droplet	 formation	 on	 the	
anode	 side,	 it	 is	 necessary	 to	 purge	
the	 hydrogen	 circuit	 at	 certain	 inter-
vals.	 Hydrogen	 gas	 is	 discharged	
through	the	“Purge	Diffuser”	into	the	
atmosphere.	

The	hydrogen	system	must	be	purged	
on	 start-up,	 periodically	 during	 oper-
ation,	 and	 on	 shutdown,	 venting	 a	
small	 quantity	 of	 moist	 hydrogen	
and	 impurities	 to	 the	 atmosphere.	
The	 hydrogen	 diffuser	module	mixes	
the	 small	 volume	 of	 hydrogen	 with	
a	 large	 quantity	 of	 air,	 diluting	 the	
mixture	 to	a	 safe	 level.	Under	no	 cir-
cumstances	 the	 system	 will	 release	
hydrogen	concentrations	higher	 than	
25	%	of	the	lower	explosion	limit.	The	
hydrogen	diffuser	module	is	mounted	
on	the	roof	of	the	bus,	in	a	well-venti-
lated	location.	

Ballard/EvoBus, �00�
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fuel	 cell	 engine	 auxiliaries	 including	
the	 supercharger	and	 two	water/gly-
col	pumps.	The	auxiliary	drive	module	
is	operated	by	a	single	electric	motor.	
The	 same	motor	 also	 powers	 a	 stan-

dard	automatic	transmission	through	
an	 SAE	 1	 transmission	 flange	 to	 pro-
vide	bus	traction.	A	standard	hydrau-
lic	 retarder,	 part	 of	 the	 transmission,	
provides	supplementary	braking.
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Electric Motor
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Traction module characteristics

General output		 Nominal	motor	output	 250	kW	shaft	power
specifications	 Capacity	 340	kVA

	 Rated	output	current	 450	A	(1200	VDC	IGBT)

	 Maximum	output	voltage	 3-phase,	460	V	or	0.7	x	DC	input	voltage	–	whichever	is	less

	 Rated	output	frequency	 400	Hz	(maximum)	at	full	torque

	 Overload	capacity	 150	%	rated	current	/	1	minute

	 PWM	frequency	 minimum	2.5	kHz	

	 	 maximum	5	kHz

Control	 Voltage	range	 14	–	35	V
power supply	 Load	rating	inverter	 6	A	(maximum)

Main	 Input	current	 425	A	continuous,	540	A	maximum	for	5	minutes
power supply	 Rated	voltage	 600	VDC	(full	load)	to	900	VDC	(zero	load)	input

b u s  o p e r a t i o n s :  t e c h n o l o g y3.

Cabin Heating and Interface
The	 HY-205	 engine	 provides	 a	 cabin	
heating	interface	to	the	coach.	The	sys-
tem	is	based	on	an	electric	immersed	
heating	 device	 with	 an	 approximate	
heating	 power	 of	 40	kW	 at	 full	 load.	
In	order	to	provide	cabin	heat,	the	fuel	
cell	engine	has	to	be	active.

The	 Citaro	 bus	 application	 has	 the	
dump	resistor	housing	situated	in	the	
engine	bay	located	in	the	same	place	
where	 the	 cabin	 heating	 system	 for	
a	 diesel	 bus	 used	 to	 be.	 The	 cabin	
heating	 circulation	 pump,	 as	 well	 as	
the	temperature	control	software	and	
algorithms	 are	 OEM	 specific.	 Addi-
tional	 piping	 is	 required	 to	 connect	
the	 roof	 package	 to	 the	 bus	 cabin	
heating	system.

Cold Start and Freezing
The	stack	modules	are	equipped	with	
thermal	insulation	in	order	to	extend	
the	 cool	 down	 periods.	 In	 order	 to	
realise	 quick	 start	 capability	 the	 fuel	
cell	 system	 should	 be	 kept	 above	
+	5	°C.	 This	 will	 be	 managed	 via	 an	
electrical	block	heater	which	operates	
from	 an	 external	 energy	 source	 and	
a	 small	 circulation	 pump.	 The	 block	
heater	 is	 thermostat	 controlled.	 The	
fuel	cell	engine	can	be	off.	

The Inverter/Controller Module
The	 inverter/controller	 module	 con-
verts	the	raw	DC	electrical	power	pro-
duced	 by	 the	 fuel	 cell	 stacks	 into	
controlled	 AC	 power	 for	 the	 electric	
motor.	 This	 module	 is	 cooled	 by	 the	
normal	water/glycol	circuit.	

The Auxiliary Drive & Electric
Motor/Traction Module
Standard	bus	auxiliaries	such	as	
the	air	brake	compressor,	power	
steering	pump,	and	the	radiator	
fan	pump	are	driven	by	a	front-
end	gear	case,	the	alternator	and	

air	conditioning	compressor	by	a	belt	
drive.	The	gear	case	also	activates	the	

Ballard/EvoBus, �
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Stuttgart Buses

Fuel Cell Engine Specifications

Emissions	 CO	 0.000

	 NOX	 0.000

	 hydrocarbons	 0.000

	 SO2	 0.000

	 particulates	 0.000

	 CO2	 0.000

Performance	 net	shaft	power	 190	kW	@	2100	rpm

	 peak	torque	 1050	Nm	@	800	rpm

Fuel	 gaseous	hydrogen	at	ambient	temperature

	 supply	pressure	(min)	required	 10	bar	

	 flow	(max)	 0.005	kg/s

	 fuel	purity	 BPS	136-0454-CA

Onboard	fuel	storage	 CGH2	capacity	@	350	bar	 ≥	40	kg

Air	 two	stage	compressor;	flow	rate	(max)	 0.3	kg/s	

Cooling	system	 water/glycol	cooling	loop	with	coach	heating	interface	

Temperature	 fuel	cell	operating	 70°C	to	80°C

	 ambient	operating	 –20°C	to	40°C

	 ambient	storage	without	freeze	provision	 2°C	to	50°C

	 ambient	storage	with	freeze	provision	 –20°C	to	40°C

Pressure	 system	operating	(nominal)		 2	bar

Electric	power	 fuel	cell	voltage	range	 550	to	900	VDC

	 liquid	cooled	IGBT	inverter

	 integral	ground	fault	detection	

Engine	control	system	 power	train	control	module:	32	bit	24	MHz	power	

	 PC	microcontroller,	1	CAN	channel	for	customer	interface	

	 CAN	converter	module	15011898	to	15011992	

Dynamic	braking	 supplied	by	transmission	retarder	

Transmission	 SAE	1	transmission	flange	
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The Fuel Cell Air System Module
A	supercharger,	driven	by	 the	electric	
motor,	produces	pressurised	air	which	
is	supplied	to	the	fuel	cell	stacks.	After	
leaving	the	stacks	 the	pressurised	air	
is	 exhausted	 through	 a	 turbocharg-
er	 which	 recovers	 energy	 from	 the	
exhaust	and	provides	a	 second	stage	
of	air	compression.	The	air	supply	sys-
tem	 also	 includes	 an	 inter-cooler	 to	
improve	 compression	 efficiency	 and	
an	air	 filter	 to	 remove	contaminants.	
Mufflers	on	the	air	system	intake	and	
exhaust	 quieten	 the	 supercharger	
and	the	turbocharger	in	order	to	meet	
the	noise	requirements	of	the	overall	
vehicle.

Electronical Interfaces to the Bus
The	 main	 control	 interface	 between	
the	 bus	 and	 the	 engine	 is	 realised	
via	 an	 industry	 standard	 fault-toler-
ant	 communication	 protocol	 (CAN,	

or	 Controller	 Area	
Network).	 A	 set	 of	
discrete	 signals	
between	the	bus	and	
the	 engine	 control-
ler	are	interfaced	via	
automotive	 relays.	
The	 engine	 control-
ler	 and	 associated	
sensors	 and	 control	
devices	 require	 a	 12	
VDC	supply,	provided	
from	one	12	VDC	bat-
tery	through	the	use	
of	an	equaliser.

Fuel Cell Air System

Ballard/EvoBus, �00�
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strength-to-weight	 ratios	 and	 opera-
tion	performance	under	 the	harshest	
of	automotive	environments.

The	 high	 performance	 design	 mate-
rials	 selected	 for	 the	 fuel	 cylinder	
reduces	 the	 weight	 of	 the	 cylinder	
by	 two	 to	 four	 times	 compared	 to	
conventional	 designs	 without	 com-
promising	 structural	 integrity	 and	
quality.	

With	 this	 fuel	 storage	 system,	 the	
overall	 weight	 and	 range	 require-
ments	 can	 be	 satisfied.	 Ranges	 and	
refill	 intervals	may	 differ	 from	 those	
of	a	diesel,	though	range	is	dependent	
on	drive	cycle	and	cabin	heating/cool-
ing	 conditions.	 The	 fuel	 storage	 sys-
tem	is	capable	of	fast	fill	operation.

Porto Bus

Onboard Fuel Storage System

High Pressure Cylinders

Fill Port

Low Pressure 
Fuel Cell Modules
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The Onboard Hydrogen 
Fuel Storage System
The	 P5-1	 fuel	 storage	 system	 con-
sists	 of	 9	 high-pressure	 cylinders	 of	
the	 DyneCell	 type	 with	 a	 geometric	
volume	 of	 205	 litres	 each.	 The	 total	
storage	 capacity	 of	 hydrogen	at	 15	°C	
and	 350	bar	 is	 40	kg.	 The	 DyneCell	
cylinder	 is	 a	 lightweight	 composite	

cylinder	 designed	 for	 the	 storage	 of	
compressed	 gases	 such	 as	 hydrogen	
and	 natural	 gas.	 It	 is	 built	 from	 a	
seamless	 “thin	 wall”	 aluminum	 liner	
with	a	full	carbon	fibre	overwrap.	The	
liner	 technology	 guarantees	 ultra	
light	weights,	high	storage	capacities	
and	 non-permeability	 while	 the	 cor-
rosion	 resistant	 overwrap	maximises	

Output	Power
to	the	Transmission	
Interface

Output	Torque
to	the	Transmission	
Interface
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Hydrogen	
Release	Pipes	
Installed

Hydrogen	
Release	Pipes	
Installed

Ventilation	
after	Hydrogen	
Detection

Ventilation	
during	Normal	
Operation

Amsterdam

Barcelona

Hamburg

London

Luxembourg

Madrid

Porto

Stockholm

Stuttgart

adapted	

new		
(for	H2	and	
natural	gas)

converted	

new	

adapted	

adapted	
(H2	in	addition	
to	natural	gas)

converted	

adapted

adapted	

	

designated	area

separate	building
(for	H2+	natural	
gas	vehicles)

separate	building	

separate	building	

separate	room	

separate	building	
(for	H2	+	natural	
gas	vehicles)

separate	building	

separate	room

designated	area

natural	

natural	

natural	

natural	

forced

Type	of	BuildingWorkshop Situation Parking

X

indoors	1	

outdoors

outdoors	

outdoors	

indoors

outdoors	

outdoors	

outdoors	

outdoors

X

X

X	

X	

X	

X

X	

X

X

natural

natural	and	
forced	

forced

forced

natural	

forced

forced

forced

natural	and	
forced	(by	fire	
brigade)	

1	Smoke	hatches	open	in	case	of	hydrogen	alarm

Characteristics of the CUTE garages

•	 	Flashlights,	 horns	 or	 other	 signals	
inside	 and	 outside	 the	 room	 and	
building,	 respectively,	were	activat-
ed.

•	 	All	 staff	 were	 to	 stop	 work	 and	
leave	the	building.

•	 	Depending	 on	 the	 alarm	 chain,	
the	 fire	 brigade	 were	 to	 be	 called	
automatically	or	manually	from	the	
plant	control	room.

In	 case	 of	 a	 pre-alarm,	 this	may	 ter-
minate	by	 itself	when	hydrogen	con-
centration	 fell	 below	 a	 fixed	 level,	
although	 certain	 devices	might	 have	
had	 to	 be	 re-activated	 with	 a	 key-
operated	switch.	A	main	alarm	did	not	
end	automatically.

Hydrogen Release Pipes
A	further	preventive	measure	against	
hydrogen	 infiltration	 was	 set	 up	 for	
the	 case	 when	 the	 pressure	 relief	
device	 of	 one	 of	 the	 bus’s	 storage	
tanks	 fails	 and	 this	 vessel	 empties	
automatically.	 So-called	 “hydrogen	
release	 pipes”	 were	 installed	 at	 all	
places	 where	 the	 fuel	 cell	 bus	 may	
be	 parked	 inside	 buildings	 for	main-
tenance	 work	 or	 simply	 overnight.	
The	 release	 pipe	 was	 connected	 to	
the	 high	 pressure	 line	 of	 the	 bus’s	
piping	system,	so	in	the	event	of	leak-
age,	hydrogen	would	be	safely	vented	
–	 to	 the	 outside.	 The	 capacity	 per	
vessel	 was	 5	 kg	 hydrogen,	 releasing	
this	amount	may	have	taken	up	to	10	
minutes.

bus operations: maintenance requirements3.

Workshops for Hydrogen Vehicles
Buses	 that	 enter	 the	 workshop	 car-
ried	 some	 hydrogen	 onboard.	 Even	
when	 the	 storage	 vessels	 were	 too	
empty	 for	 continuing	 service,	 a	 cer-
tain	 amount	 remained	 for	 technical	
reasons,	 unless	 the	 storage	 was	 dis-
mantled	on	the	rare	occasion	and	the	
vessels	 were	 completely	 emptied	 on	
purpose.	The	 risk	 of	 hydrogen	 escap-
ing	 through	 leakages	 from	 a	 vehicle	
being	parked	or	repaired	in	the	work-
shop,	had	to	be	allowed	for.	Mixtures	
are	explosive	 in	a	range	between	4	%	
(“lower”	 explosion	 limit)	 and	 75	%	 of	
hydrogen	in	air.

At	 most	 of	 the	 CUTE	 sites,	 parts	 of	
an	 existing	 workshop	 were	 adapted	
to	 hydrogen-induced	 requirements,	
either	 separate	 rooms	 or	 designated	
areas	within	a	larger	facility	(cf.	table).	
Buildings	 that	 previously	 had	 served	
other	 purposes	 were	 converted	 in	
Hamburg	 and	 Porto.	 Two	 cities	 built	
new	workshops:	 in	 Barcelona	 to	 ser-
vice	both	hydrogen	and	a	larger	num-
ber	 of	 natural	 gas	 fuelled	 vehicles;	
in	 London	because	no	 free	 capacities	
were	 available	 for	 the	 three	 CUTE	
buses	 in	 the	 existing	 buildings	 of	
the	 depot.	 The	 main	 objective	 was	
to	 ensure	 employee	 safety.	 The	 indi-
vidual	 concepts	 for	 workshops	 and,	
as	 far	 as	 applicable,	 for	 indoor	 park-
ing	 areas	 showed	 a	 large	 variety	 of	

detail,	 depending	 on	 safety	 philoso-
phy,	national	or	 local	regulations	and	
building	characteristics.	Common	ele-
ments	are	described	below.

Safety-Related Design Requirements
As	 hydrogen	 is	more	 than	 ten	 times	
lighter	 than	 air	 it	 will	 accumulate	
under	 the	 roof	when	 released	 inside	
a	 building.	 Hydrogen	 sensors	 had	
therefore	 to	 be	 installed	 on	 the	 ceil-
ing.	Safety	alarms	are	activated	when	
one	 of	 the	 sensors	 detects	 a	 hydro-
gen	concentration	even	far	below	the	
lower	 explosion	 limit.	 At	 most	 sites,	
two	levels	were	defined:	a	warning	or	
pre-alarm	at	0.6	%	or	0.8	%	hydrogen	
in	 air	 (i.	e.	 15	%	 or	 20	%	 of	 the	 lower	
explosion	 limit)	 and	 a	 main	 alarm	
at	twice	these	concentrations.	 (Main)	
alarms	 can	 also	 be	 started	 by	 emer-
gency	push	buttons.	

Key	measures	were:	
•	 	Fans	in	the	roof	started	operation	or	
hatches	for	increased	natural	venti-
lation	 opened,	 supported	 by	 open-
ings	 at	 low	 level	 (doors	 or	 other)	
that	support	fresh	air	entry.

•	 	Electrical	 installations	 which	 were	
not	 explosion-proof	were	 switched	
off.

•	 	Ex-proof	 lighting,	 if	not	part	of	 the	
normal	 illumination,	 were	 turned	
on.

3. bus operations: maintenance requirements

3.2 Fuel Cell Bus Technology Maintenance Requirements
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Experiences & Results of operation 
under different Climatic, Topographic 
and Traffic conditions
This	section	is	concerned	with	an	eval-
uation	of	the	operation	of	the	hydro-
gen	 fuel	 cell	 buses	 and	 summarises	
the	work	of	work	packages	 (WP)	4,	 5	
and	 6.	 The	 objective	 for	 work	 pack-
ages	 4,	 5	 and	 6	 was	 to	 evaluate	 the	
operation	of	the	fuel	cell	buses	under	
different	 climatic	 (WP4),	 topographi-
cal	(WP5)	and	traffic	(WP6)	conditions,	
in	order	 to	prepare	 the	new	 technol-
ogy	for	use	across	Europe.	

Twenty	 seven	 fuel	 cell	 buses	 were	
operated	on	regular	urban	routes	over	
the	 two	 years	 of	 the	 project.	 These	
routes	 were	 situated	 in	 nine	 cities	
encompassing	very	different	climatic,	
topographic	 and	 traffic	 conditions.	
These	conditions	varied	from	hot	and	
dry	 in	 Madrid	 to	 cold	 and	 humid	 in	
Stockholm,	 from	 flat	 in	 Hamburg	 to	
hilly	in	Stuttgart,	and	from	congested	
traffic	 in	 London	 to	 relatively	 light	
traffic	in	Luxembourg.	

By	integrating	innovative	fuel	cell	sys-
tem	and	hydrogen	 technology	 into	 a	
conventional,	low-floor	urban	bus	and	
operating	the	buses	under	normal	city	
conditions,	 the	 CUTE	 project	 set	 out	
to	 test	 and	 prove	 the	 feasibility,	 reli-
ability	 and	 potential	 of	 the	 fuel	 cell	
and	hydrogen	technologies.	

General operation results
When	 analysing	 the	 data	 from	 the	
CUTE	 project,	 the	 most	 impressive	
figures	 come	 from	 the	 mileage	 or	
kilometres	 driven	 and	 the	 number	
of	 operating	 hours	 of	 the	 bus	 fleet.	
Never	 before	 has	 a	 project	 using	
hydrogen	 technology	 for	 transport	
energy	 achieved	 such	 operating	 suc-
cess.	 The	 buses,	managed	 by	 normal	
operators,	in	regular	traffic	and	driven	
by	 regular	 bus	 drivers,	 drove	 a	 dis-
tance	 of	more	 than	 20	 times	 around	
the	globe	–	yielding	a	vast	amount	of	
data	and	experience.

Total Aggregate Results
Kilometres driven
After	 the	 completion	of	 two	years	of	
operation	 the	 CUTE	 buses	 had	 trav-
elled	 a	 distance	 of	 almost	 850.000	
km	 in	 the	 nine	 partner	 cities.	 If	 the	
kilometres	 driven	 by	 the	 6	 addition-
al	 buses	 operated	 through	 ECTOS	
(Reykjavik)	and	STEP	(Perth)	are	taken	
into	account,	the	Citaro	Fuel	Cell	Buses	
surpassed	 one	 million	 kilometres	 in	
October	2005.
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3. bus operations: results and lessons learnt

3.3 Operation of Fuel Cell buses: 
Results and Lessons Learnt

Figure �.�.1. Accumulated operating kilometres 
per month of operation, for the CUTE bus fleet.

Before	 any	 maintenance	 work	 may	
begin,	 and	 right	 after	 electrical	
grounding	 of	 the	 vehicles,	 the	 bus	
always	 had	 to	 be	 connected	 to	 the	
release	 pipe.	 At	 some	 sites	 this	 was	
checked	by	an	 inductive	switch:	after	
a	set	time,	subsequent	to	the	bus	ente-
ring	the	building	(detected	by	a	 light	
barrier),	all	non-ex-proof	devices	were	
shut	 off	 (and	 an	 alarm	may	 be	 acti-
vated)	if	the	connection	to	the	release	
pipe	was	not	registered.

Further Measures
•	 	A	 separate	 clean	 room	 (standard	
office	 conditions)	 of	 about	 12	m2	
floor	 space	 was	 required	 for	 work	
on	the	fuel	cell	stacks.

•	 	Buses	 were	 usually	 maintained	
before	 being	 refuelled.	 If	 they	
entered	 a	 building	 after	 refuelling,	
maintenance	 work	 may	 only	 start	
when	 tank	 temperature	 was	 back	
to	 ambient	 conditions	 (cf.	 section	
on	refuelling	process).

•	 	The	 increased	 height	 of	 the	 buses	
had	to	be	considered	for	doors	etc.	

•	 	Walkways,	either	fixed	or	on	wheels,	
with	appropriate	guard-rails	had	to	
be	provided	 for	work	on	 the	 top	of	
the	buses.	

•	 	Spark	proof	tools	had	to	be	used,	at	
least	for	work	on	the	bus	top.

•	 	Mechanics	wore	anti-static	clothing.
•	 	For	 hoisting	 components	 from	and	
to	 the	 bus	 roof,	 a	 crane	 had	 to	 be	
installed	(cf.	photo,	which	also	illus-
trates	space	requirements).	

•	 	Buses	 were	 be	 washed	 manually	
unless	the	top	brush	in	the	washing		
hall	could	de-activated	and	the	head-
room	in	the	facility	was	sufficient.

•	 	If	buses	were	parked	outside	or	in	a	
non-heated	 building,	 they	 needed	
to	 be	 heated	 externally	 to	 avoid	
damage	 to	 the	 fuel	 cells	 on	 cold	
nights.	 At	 some	 sites	 with	 regular	
outside	parking,	buses	stayed	in	the	
workshop	 when	 very	 cold	 nights	
were	expected.

Crane to Lift Components from 
and onto the Bus Roof and Space 
Requirements; Workshop Madrid

Hydrogen Release 
Pipe in the Reykjavik 
Workshop 
(ECTOS Project)
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the	permitted	operating	time	resulted	
in	a	continuous	 increase	 in	operation	
time	 per	month.	This	 increased	 from	
an	 average	 of	 1.200	–	1.500	 hours	 in	
the	beginning,	to	around	3.340	hours	
in	the	final	quarter	of	operation	in	the	
partner	 cities.	 An	 overall	 average	 of	
2.680	hours	per	month	was	achieved.
When	considering	this	increase,	it	has	
to	 be	 borne	 in	 mind	 that	 the	 bus	
manufacturer	 recommended	 to	 the	
bus	 operators	 to	 start	 the	 ramp	 up	
in	 operations	 slowly,	 from	 8	 hours	
per	day	 initially,	 to	 10	hours	a	day	by	
November	 2004	 (This	 latter	 period	
falls	between	month	 15	and	 17	 in	 fig-
ure	3.3.4).

Driving the fuel cell buses
For	 a	 new	 technology	 to	 be	 success-
ful	 it	 requiress	 more	 then	 reliability	
for	 the	 concept	 to	 be	 commercial.	 It	
is	also	important	that	the	drivers	and	
the	public	are	satisfied	and	safe	using	
the	 new	 technology.	 Therefore,	 part	
of	 the	 evaluation	 was	 to	 investigate	
drivers	opinions	of	the	new	technolo-
gy,	in	terms	of	handling,	drive	dynam-
ics	and	safety.

The	 result	 of	 a	 driver	 survey,	 initi-
ated	by	 the	City	of	 Luxembourg,	was	
analysed	 for	 the	 four	 cities	 answer-
ing	 the	 survey:	 Hamburg,	 London,	
Luxembourg	 and	 Stockholm.	 The	
analysis	 showed	 that	 most	 charac-
teristics	 of	 the	 fuel	 cell	 buses	 were	
perceived	as	 the	same	or	better	 than	
regular	buses.	The	only	exception	was	
that	a	majority	of	the	drivers	(50	of	99	
answers)	 felt	 that	 a	 regular	 bus	 had	
better	 acceleration.	 The	 reason	 for	
this	might	have	been	the	extra	weight	
of	 the	 fuel	 cell	bus.	Two	of	 the	other	
performance	 parameters,	 speed	 and	
braking,	 was	 perceived	 as	 the	 same	
or	better	by	most	of	drivers.	However,	
there	 was	 a	 significant	 number	 of	
drivers	who	perceived	them	to	be	less	
good	and	 therefore	 it	was	 concluded	
these	parameters	have	room	for	opti-
misation	in	future	bus	designs.	
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Figure �.�.�. Monthly operating hours per 
operating month, for the CUTE bus fleet.

Hours of operation
When	 the	 bus	 operation	 within	 the	
CUTE	 project	 finished	 in	 December	
2005,	 the	 27	 CUTE	 buses	 had	 been	
operated	 for	 over	 62.000	 hours	 on	
European	roads.	Again,	adding	ECTOS	
and	STEP,	the	whole	fleet	operated	for	
75.600	hours.

Monthly Aggregate Results
The	total	aggregate	kilometres	driven	
and	hours	operated	are	an	 indication	
that	the	bus	technology	was	success-
ful	 both	 in	 terms	 of	 reliability	 and	
in	 terms	 of	 gathering	 of	 data.	 The	
change	 over	 time	 in	 kilometres	 driv-
en	and	hours	operated	per	operating	
month	 indicates	how	the	buses	were	
perceived	 to	 run,	 from	 the	operators’	
point	of	view.

Kilometres driven
Breaking	down	the	mileage	by	month	
of	operation,	the	buses	completed	an	
average	 of	 35.800	km	 per	 month	 in	
the	nine	CUTE	partner	cities.

Bus	 performance	 improved	 dramati-
cally	from	less	than	20.000	km	at	the	
beginning	of	the	project	up	to	double	
this	at	the	end.	The	buses	drove	about	
48.000	km	per	month	on	average	dur-
ing	the	last	half-year	of	operation.	The	
maximum	 in	 a	 calendar	 month	 was	
reached	 in	 July	 2005	with	59.000	km	
driven.

Operating hours
Figure	3.3.3	shows	 that	by	 the	end	of	
the	 CUTE	 project,	 the	 buses	were	 on	
the	 road	 for	 more	 than	 double	 the	
time	 every	 month	 than	 they	 were	
at	 the	 beginning.	The	 overcoming	 of	
“teething	 problems”,	 a	 much	 higher	
reliability	and	the	policy	of	increasing	
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Kilometres driven
In	 the	 CUTE	 cities	 the	 buses	 com-
pleted	 an	 average	 of	 94.000	km.	
Luxembourg	 reached	 a	 maximum	
of	 142.000	km	 driven	within	 the	 two	
years	 of	 operation,	 followed	 closely	
by	 Stuttgart.	 Porto	 (47.000	km)	 and	
Barcelona	(38.000	km)	were	the	cities	
with	the	lowest	total	mileage	driven.	

Correlation	 analysis	 in	 Figure	 3.3.8	
indicates	 that	 the	 fuel	 consumption	
seems	to	be	higher	for	the	cities	with	
the	least	kilometres	driven.	As	a	gen-
eral	 rule	 it	 can	 be	 said	 that	 dem-
onstration	 projects	 should	 aim	 for	
a	 highest	 possible	 number	 of	 accu-
mulated	 kilometres	 to	 be	 sure	 that	
at	 the	 end	of	 the	project	 all	 systems	
are	properly	working	and	can	be	com-
pared	to	operations	elsewhere.

Hours of operation
On	 average	 a	 CUTE	 bus	 operated	 for	
2.330	 hours.	 In	 Stuttgart,	 the	 total	
hours	 of	 operation	 were	 more	 than	
11.000.	 In	 Barcelona,	 the	 three	 buses	
operated	 for	 almost	 3.000	 hours	 i.	e.	
less	then	1.000	hours	each.

Average speed
An	 average	 speed	 of	 the	 buses	 can	
be	 calculated	 from	 the	 total	 operat-
ing	 hours	 and	 the	 total	 kilometres	
driven.	 This	 average	 speed	 includes	
some	of	the	stopping	and	braking	and	
is	 therefore	 slightly	 lower	 than	 the	
actual	average	speed	of	a	route.

The	 average	 speed	 differed	 a	 lot	
between	 the	 partner	 cities,	 from	
around	 18	km/h	 in	 Amsterdam	
and	 Luxembourg	 down	 to	 around	
9	–	10	km/h	for	Stockholm	and	Porto.

3. bus operations: results and lessons learnt
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Amsterdam
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Hamburg
(104.473 km)

Figure �.�.�. The total amount of kilometres 
driven in the nine CUTE cities.
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Hamburg
(6.443 h)

Figure �.�.�. The operating hours in each CUTE city.

City specific results 
Availability 
Overall	 the	 reliability	 of	 the	 fuel	
cell	 buses	 was	 surprisingly	 high.	 For	
example,	 the	 availability	 in	 Stuttgart	
was	 extremely	 high.	 From	May	 2004	
onwards,	the	Stuttgart	buses	reached	
a	99.6	%	reliability.	The	average	avail-
ability	in	all	9	CUTE	cities	was	81.6	%.	

The	 low	 availability	 of	 the	 buses	 in	
Barcelona,	 around	 60	%,	 was	 main-
ly	 due	 to	 the	 contamination	 of	 the	
hydrogen	 vessels	 in	 all	 three	 buses.	
This	graphite	contamination	occurred	
during	 incidents	 with	 the	 hydrogen	
supply	system	in	April	2004.	One	bus	
was	 back	 in	 action	 after	 3	 months	
but	 it	 took	 until	 August	 (4	 months)	
before	all	buses	were	put	 into	opera-
tion	again.

The	 definition	 used	 for	 availability	
was	the	number	of	downtime	days	per	
month	as	a	proportion	(%)	of	the	total	
number	of	days	in	that	month.	Given	
the	fact	that	not	all	cities	reported	the	
bus	availability	from	the	beginning	of	
the	 project	 the	 availability	 numbers	
presented	would	probably	have	been	
a	 little	 lower	 for	 these	 cities	 than	
reported	 in	Figure	3.3.6.	Nevertheless	
the	 figure	 presented	 is	 based	 on	 the	
reported	data	and	indicates	the	over-
all	high	availability	of	the	buses.
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Cold start behaviour
To	 improve	 reliability,	 the	 fuel	 cell	
stacks	 were	 heated	 during	 periods	
when	 they	 were	 standing	 in	 cold	
conditions.	 Therefore,	 there	 were	 no	
cold	starts	in	the	sense	of	starting-up	
in	 very	 low	 temperatures	 (below	 5	
degrees	 celsius).	 The	 start-up	 proce-
dure	 was,	 however,	 still	 affected	 by	
the	 cold,	mainly	 due	 to	 the	 preheat-
ing	 of	 the	 larger	 cooling	 loop	 prior	
to	 connecting	 it	 to	 the	 smaller	 loop	
surrounding	the	fuel	cells	stacks.	The	
time	from	start-up	until	the	fuel	cells	
deliver	full	power	may	also	have	been	
affected	by	climate,	but	 this	was	not	
analysed	in	this	project.	

Climate effect on fuel consumption
Temperature	dependency	of	fuel	con-
sumption	in	the	buses	was	noticeable	
when	 the	 temperatures	 were	 below	
0º	C	 or	 above	 18º	C.	 The	 increase	 in	
fuel	 consumption	 in	 warmer	 periods	
was	noted	as	an	increase	in	the	draw	
down	 of	 power	 (see	 Figure	 3.3.12)	
which	was	mainly	 caused	by	 the	use	
of	 the	 air	 conditioning	 unit.	 In	 cold	
periods	 the	 energy	 used	 for	 heat-
ing	 the	 cabin	 area	 consumed	 up	 to	
~	5	kg/100	km	fuel.	
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City Extreme Date Comment

Stockholm		 –	16	ºC	 2004-01-22	 Relative	humidity:	85	%

Madrid		 39	ºC	 2004-07-24		 Relative	humidity:	14	%

London		 100	%	 2004-12-03		 Temperature:	3	ºC

Madrid		 13	%	 2005-04-28		 Temperature:	27	ºC

Table �.�.1. The  
singular weather 
extremes from 
the four partner 
cities of WP� 
(Stockholm, 
London, Barcelona 
and Porto) and 
Madrid, from the 
data measured 
every third hour, 
during the test 
period.
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Figure �.�.1�. Power consumption charts for
Madrid summer (above) and winter (below). 
The red line represents a base consumption 
calculated from the dates marked.

The boundary conditions’ effect on 
operation
To	 evaluate	 how	 the	 boundary	 con-
ditions	 affect	 the	 operation	 of	 the	
buses,	 the	 reliability	 under	 differ-
ent	 conditions	 has	 to	 be	 evaluated.	
The	buses	 tested	 in	 this	project	have	
proved	to	be	reliable.	This	part	of	the	
report	 considers	 the	 different	 condi-
tions	under	which	they	operated	and	
were	assessed	as	reliable.	

Besides	 the	 reliability	 issue,	 it	 is	 also	
worthwhile	 evaluating	how	different	
boundary	 conditions	 affect	 this	 new	
technology	 in	 terms	 of	 performance	
and	fuel	consumption.	

The	 analysis	 mainly	 focuses	 on	 the	
boundary	 conditions	 allotted	 to	 the	
different	 work	 packages:	 climate	
(WP4),	 topography	 (WP5)	 and	 traffic	
(WP6).	Other	 factors	 influencing	 fuel	
consumption	 such	 as	 driver	 behav-
iour,	 tyre	 pressure,	 passenger	 load,	
frequency	of	kneeling	and	door	open-
ings,	 etc.	 are	 not	 discussed	 in	 this	
summary.

Climate effect on operation
The	climate	in	the	nine	CUTE	cities	dif-
fers	considerably.	Figure	3.3.11	provides	
the	 monthly	 mean	 temperature	 and	
humidity	 in	 2004	 for	 the	 nine	 CUTE	
cities	 and	 Reykjavik.	 It	 can	 be	 seen	
that	 Barcelona	 and	 Madrid	 are	 the	
warmest	cities	while	Stockholm	is	the	
coldest.	Hamburg	and	Amsterdam	are		
amongst	the	cities	with	highest	relative		
humidity	all	 year	around	and	Madrid	
is	the	city	with	the	lowest	humidity.
However,	 the	 extremes	 of	 tempera-
ture	 and	 humidity	 are	 experienced	
on	 a	 daily,	 even	 hourly,	 basis.	 The	
measured	 extremes	 from	 the	project	
period	 are	 found	 in	 Table	 3.3.1.	 It	 is	
under	these	climatic	boundary	condi-
tions	 that	 the	 buses	 have	 proved	 to	
be	reliable.	
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Figure �.�.11. Monthly mean values (�00�) for 
temperature (above) and humidity (below) 
during daytime for all cities in the CUTE  
project and Reykjavik.
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Topography effect on fuel 
consumption
Similar	 to	diesel	buses,	a	challenging	
topography	caused	an	increase	in	fuel	
consumption	 in	 the	 fuel	 cell	 buses.	
Compared	with	diesel	buses	however,	
the	 fuel	 cell	 buses	 used	 in	 the	 CUTE	
project	 were	 at	 a	 disadvantage	 that	
is	 clearly	 shown	 in	 topography	 anal-
ysis.	 This	 disadvantage	 was	 caused	
by	 a	minimum	current	 limitation	 set	
on	 the	 fuel	 cells.	 The	 minimum	 cur-
rent	 limitation	 is	 implemented	 for	
reliability	 reasons	 and	 requires	 fuel	
cells	 to	 continue	 to	 produce	 electric-
ity	 at	 a	 minimum	 rate.	 In	 practice	
this	 means	 that	 when	 driving	 fuel	

cell	 buses	 downhill,	 they	 still	 have	 a	
relatively	high	fuel	consumption	com-
pared	with	diesel	vehicles,	which	use	
virtually	 no	 fuel	 when	 decelerating	
and	coasting.

Traffic effect on operation
Traffic	influenced	the	buses	in	several	
ways:	 externally	 in	 terms	 of	 driving	
mode,	 the	 number	 of	 stops,	 traffic	
congestion	etc.	and	within	the	bus	in	
terms	of	the	weight	of	passengers.

One	 key	 factor	 for	 estimating	 the	
external	traffic	conditions	is	the	aver-
age	 speed.	 Within	 the	 SORT	 project	
(Standardised	 On-Road	 Tests),	 initi-
ated	by	 the	 International	Association	
of	Public	Transport	(UITP),	three	artifi-
cial	 route	 cycles	were	developed.	The	
three	 route	 cycles	 differed	 primar-
ily	 in	 average	 and	 maximum	 speed.	

SORT 1 
Heavy Urban

SORT 2 
Easy Urban

SORT 3 
Sub Urban

Cycle	course	(route)

Cycle	distance	(m) 520 920 1.450

Maximum	speed	(km/h) 40 50 60

Time/Cycle	(sec) 60 60 40

Cycle	period	(sec) 151,2 179,4 199,2

Stops/km 5,8 3,3 2,1

Average speed  
with stops (km/h)

12,6 18,6 26,3

3. bus operations: results and lessons learnt
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Two	 different	 drive	 cycle	 tests	 per-
formed	on	the	same	route	(route	66)	
during	a	cold	day	and	during	a	warm	
day	in	Stockholm	shows	that	on	a	cold	
day	 the	 heating	 of	 the	 cabin	 can	 be	
responsible	for	as	much	as	16	%	of	the	
total	fuel	consumption	(see	Figure	13.)	

Topography effect on operation
The	 buses	were	 operated	 under	 very	
different	 topographical	 conditions.	
Hamburg,	 London	 and	 Amsterdam	
are	 cities	 with	 low	 or	 no	 height	 dif-
ferences	 on	 the	 used	 routes.	 From	 a	
topographical	point	of	view,	these	are	
the	 cities	 with	 the	 least	 demanding	
operating	environment.

Stuttgart,	Luxembourg	and	Barcelona	
have	the	greatest	variation	in	height.	
Stuttgart	 has	 the	 highest	 gradient	
with	the	buses	climbing	almost	8.5	%	
at	 the	 end	 of	 the	 route	 (see	 Figure	

3.3.14).	 The	 routes	 with	 the	 largest	
height	differential	in	the	CUTE	project-
ed	 were	 located	 in	 Barcelona	 (Route	
66)	and	in	Luxembourg	(Route	9)	with	
more	 than	 150	 meters	 between	 the	
lowest	 point	 and	 the	 highest	 point	
on	 the	 routes.	 The	 routes	 in	 Madrid	
and	Porto	on	which	the	FC	buses	were	
operated	 also	 featured	 height	 differ-
ences	of	70	–	90	meters.	

Although	the	city	of	Stockholm	has	a	
fairly	 low	 height	 variation,	 it	 cannot	
be	 classified	 as	 a	 flat	 city.	 In	 August	
2004	 the	 buses	 started	 operating	 in	
regular	 traffic	 on	 route	 66,	 a	 rather	
demanding	route.	The	two	steep	hills	
(seen	in	Figure	15)	have	a	steep	gradi-
ent	and	make	the	stop	and	go	traffic	
rather	demanding.

During	 the	 two	 years	 of	 operation	
there	was	no	obvious	long-term	effect	
of	 topography	on	 the	wear	 on	buses	
or	 fuel	 cell	 systems.	 The	 buses	 were	
therefore	 assessed	 as	 reliable	 under	
these	topographical	conditions.
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	 Comparing	 the	 fuel	 consumption	 in	
the	4	cities	shows	however	a	clear	cor-
relation	 between	 the	 average	 speed	
and	average	amount	of	fuel	consumed	
(see	Table	3).	It	can	also	be	noted	that	
the	 fuel	 consumption	measured	 dur-
ing	the	test	runs	is	in	accordance	with	
the	average	 fuel	 consumption	values	
for	the	whole	project	period	recorded	
on	the	MIPP	sheets	and	filled	in	daily	
by	the	site	technicians/operators.

This	 indicates	 that	 the	 traffic	 situ-
ation,	 represented	 here	 by	 average	
speed,	has	a	 similar	 influence	on	 the	
fuel	 consumption	 of	 the	 fuel	 cell	
buses	 as	 on	 the	 fuel	 consumption	
of	 conventional	 buses,	 i.	e.	 the	 SORT	
prediction	 that	 lower	 speed,	 greater	
congestion	results	in	higher	fuel	con-
sumption	are	transferable	to	the	fuel	
cell	 bus	 system.	 Further	 analysis	will	
need	 to	 be	 undertaken	 if	 a	 different	

configuration	 of	 the	 FC	 drive	 train	
(e.	g.	 alternatives	 to	 centralised	 elec-
tric	 engine	with	mechanically	 driven	
auxiliary	 gear	 case,	 use	 of	 hybridisa-
tion	technology	etc.)	shows	the	same	
tendencies.

General Conclusion
The	 buses	 operated	 for	 two	 years	 in	
nine	cities	under	very	different	bound-
ary	conditions.	The	conditions	ranged	
from	 hot	 and	 dry	 in	 Madrid	 to	 cold	
and	 humid	 in	 Stockholm,	 from	 flat	
in	Hamburg	 to	hilly	 in	Stuttgart,	and	

3. bus operations: results and lessons learnt
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Figure �.�.1�. Time spent in different drive modes from drive cycle test runs in four CUTE cities.

City Speed
(km/h)

MIPP 
(kg/100km)

Test run 
(kg/100km)

Amsterdam 21.6 21.6 21.9

Luxembourg 19.8 20.9 20.2

London 10.8 23.9 24.6

Stockholm 10.9 26.6 23.8

Table �.�.�. Fuel 
consumption from 
MIPP compared 
with the fuel  
consumption from 
a test run.

The	first	cycle	represents	heavy-urban	
traffic	 during	 a	 big	 city’s	 rush	 hour	
with	 a	 slow	 average	 speed.	 The	 sec-
ond	one	models	easy-urban	traffic	in	a	
smaller	town	with	a	medium	average	
speed	 and	 the	 third	 cycle	 represents	
sub-urban	 traffic	 driving	with	 a	high	
average	 speed.	 This	 methodology	 is	
based	 on	 the	 assumption	 that	 aver-
age	 speed	 is	a	key	parameter	 for	 the	
classification	of	fuel	consumption.	

To	 gather	 information	 for	 analysis,	
the	partner	cities	of	WP6	were	asked	
to	 perform	 so	 called	 drive	 cycle	 test	
during	 one	 day	 in	 September	 2005.	
Three	of	the	partner	cities	did	the	test	
and	the	route	conditions	for	these	cit-
ies	are	presented	in	Table	2.	Although	
the	number	of	bus	 stops	per	 kilome-
tre	 is	 not	 that	 different,	 the	 average	
travelled	 distance	 in	 London	 is	 quite	
low	 compared	 with	 the	 other	 cities,	
i.e.	the	passenger	flow	is	the	highest.	
London	 also	 has	 the	 lowest	 average	
speed	 of	 the	 three	 cities.	 Data	 from	
a	test	run	in	Stockholm	performed	in	
September	 2004	 was	 also	 added	 to	
the	 analysis	 (see	Table	 2).	 Stockholm	
has	 a	 higher	 number	 of	 bus	 stops	
per	 kilometre	 than	 the	 other	 cities	

and,	similar	to	London,	a	low	average	
speed.	Additional	 information	 is	 that	
about	15	%	of	the	routes	in	London	and	
Amsterdam	are	separate	bus	lanes,	in	
Luxembourg	 the	 percentage	 is	 22	%	
for	the	route	used	for	the	test	run	and	
in	 Stockholm	 there	 are	 no	 bus	 lanes	
along	the	route.

According	 to	 the	SORT	 cycles	 London	
and	 Stockholm	 would	 be	 classified	
as	 heavy-urban	 traffic	 because	 of	
the	 low	 average	 speed.	 Amsterdam	
and	 Luxembourg	 would	 be	 classi-
fied	as	easy-urban	 traffic.	This	would	
also	 imply	 that	 in	 Amsterdam	 and	
Luxembourg	 the	 percentage	 of	 time	
spent	 in	 constant	 speed	 during	 the	
cycle	would	be	much	higher.	In	Figure	
17	 it	 is	 obvious	 that	 this	 is	 not	 the	
case	for	the	drive	cycle	tests.	The	big-
gest	 difference	 in	 the	 four	 cities	 or	
between	the	low	average	speed	cities	
and	 the	 higher	 average	 speed	 cities	
is	 the	 time	 spent	 idling	 or	 creeping,	
that	is	standing	still	or	driving	slower	
that	4	km/h	with	a	motor	speed	lower	
that	800	rpm.	Another	difference	is	in	
the	time	spent	accelerating.	The	high	
average	 speed	 cities	 spend	 clearly	
more	time	in	this	mode.
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City Length of  
line (km)

Average  
travelled  

distance (km)

Average  
speed (km/h)

Number of  
bus stops

Number of bus 
stops per  
kilometre

Amsterdam 10.3 4.7 21.6 22 2.1

Luxembourg 22.2 4.9 19.8 48 2.2

London 6.5 2.5 10.8 18 2.8

Stockholm 7.5 n/a 10.9 27 3.6

Table �.�.�. Route information, from test runs for the � participating partner cities of WP� and Stockholm.
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Experience concerning 
the evaluation of bus operations
In	 the	 beginning	 of	 the	 evaluation,	
which	started	in	phase	2	of	the	project,	
there	was	a	 lot	of	effort	put	 into	 the	
defining	the	data	collection	sheets	as	
well	 as	 negotiating	 which	 confiden-
tial	data	should	be	made	available	for	
evaluation.	 The	 fact	 that	 the	 evalua-
tion	was	not	 included	 in	 the	 phase	 1	
budget	of	the	project	meant	that	the	
planning	 for	data	collection	and	spe-
cific	 tests	was	hindered	and	 that	 the	
collection	 of	 data	 only	 commenced	
after	several	of	 the	cities	had	started	
operating	 the	buses.	This	might	have	
influenced	 the	 cooperativeness	 of	
some	of	the	partner	cities.	

In	 addition,	 gathering	 of	 important	
data	for	evaluation	of	 the	bus	opera-
tions	could	have	been	greatly	 simpli-
fied	if	considered	and	integrated	with	
the	 already	 existing	 data	 acquisition	
system	on-board	 the	 buses	 from	 the	
start	 of	 the	 project.	 Data	 such	 as	
road	 inclination/altitude	 could	 have	
been	recorded	via	altimeter	and	vehi-
cle	 weight	 estimation	 via	 passenger	
counting	devices	or	the	monitoring	of	
pressure	in	the	air	bellows.

Optimisation potential
There	 are	 possibilities	 for	 optimisa-
tion	 in	many	 aspects	 of	 the	 fuel	 cell	
buses,	 e.	g.	 fuel	 economy,	 comfort,	
noise,	weight,	system	complexity	and	
cost.	Optimised	fuel	economy	was	not	
the	main	target	in	the	bus	design	but	
it	is	where	the	potential	for	optimisa-
tion	 is	perhaps	 the	greatest.	A	better	
fuel	 economy	 needs	 to	 be	 achieved	
before	 commercialisation	 of	 the	 fuel	
cell	technology	is	realistic.

In	 terms	 of	 design	 for	 better	 fuel	
economy	the	buses	have	great	poten-
tial	 for	 optimisation,	 both	 in	 relation	
to	the	fuel	cell	system	and	the	drive-
line	 as	well	 as	 to	 the	 adaptations	 of	
bus	 auxiliary	 systems	 to	 an	 electric	
power	source.	

Firstly	 the	 minimum	 current	 limita-
tion	 of	 the	 fuel	 cell	 stacks	 in	 this	
system	 design	 is	 reducing	 some	 of	
the	major	benefits	of	using	fuel	cells	
i.	e.	 high	 efficiency	 at	 partial	 loads.	
Minimum	 current	 limitation	 makes	
the	 bus	 consume	 energy	 when	 the	
competing	 technologies,	 such	as	die-
sel	engines	do	not,	for	example	when	
coasting	 or	 decelerating.	 Buses	 with	
no,	or	lower,	minimum	current	limita-
tion	 would	 most	 probably	 perform	
better	 on	 challenging	 topographical	
routes	 than	 the	 current	 generation	
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from	congested	in	London	to	relative-
ly	 traffic	 free	 in	 Luxembourg.	 There	
were	 no	 major	 breakdowns	 or	 prob-
lems	 caused	by	 the	 fuel	 cell	 technol-
ogy	 itself	 and	 the	 buses	were	 found	
to	be	reliable	under	European	climate,	
topography	and	traffic	conditions.	The	
main	goal	of	the	project	–	to	demon-
strate	and	evaluate	the	emission-free	
and	low-noise	fuel	cell	buses,	togeth-
er	 with	 its	 fuel	 infrastructure	 –	 was	
clearly	achieved.	

Many	 of	 the	 participating	 partners	
were	 impressed	 by	 the	 durability	 of	
the	fuel	cell	stacks,	and	the	availability	
of	the	fuel	cell	buses.	The	bus	drivers	
were	 pleased	 with	 the	 performance	
of	the	buses	and	felt	comfortable	and	
safe	 with	 the	 hydrogen-fuelled,	 fuel	
cells.	As	a	consequence,	 they	became	
the	 main	 ambassadors	 for	 this	 new	
technology.	All	of	 this	was	 important	
in	forming	the	attitudes	of	the	public	
towards	the	new	technology.

Specific Results
•	 	The	 buses	 proved	 reliable	 and	 safe	
during	 operation	 under	 extreme	
European	 climate	 conditions,	 with	
daytime	 temperature	 conditions	
ranging	 from	 39	ºC	 down	 to	 -16	ºC,	
and	relative	humidity	ranging	from	
13	%	 up	 to	 100	%.	 An	 influence	 on	
fuel	 consumption	 due	 to	 climate	
was	 found	 when	 the	 temperature	
was	below	0	ºC	or	above	 18	ºC.	This	
was	 primarily	 due	 to	 the	 need	 to	
heat	or	cool	the	cabin.

•	 	A	 challenging	 topography	 caused	
an	 increase	 in	 fuel	 consumption.	
Driving	downhill	caused	higher	fuel	
consumption	due	to	the	significant	
consumption	in	the	fuel	cells	during	
idling,	 compared	 with	 diesel	 vehi-
cles	 that	 use	 virtually	 no	 energy	
going	down	hill.

•	 	Traffic	influences	the	bus	in	several	
ways:	externally	in	terms	of	driving	
mode,	 the	 number	 of	 stops,	 traffic	
congestion	etc.	 and	within	 the	bus	
in	 terms	 of	 the	 weight	 of	 passen-
gers.	 It	 is	 shown	 that	 the	 average	
speed	 is	 an	 important	 factor	 for	
fuel	 consumption.	 However,	 data	
from	some	cities	 indicates	that	the	
weight	 of	 the	 buses	 (including	 the	
passengers)	 is	 also	 an	 important	
factor	that	needs	further	investiga-
tion,	to	be	able	to	tell	how	much	is	
affected	by	the	external	traffic	situ-
ation,	and	how	much	is	affected	by	
different	passenger	loads.

bus operations: results and lessons learnt3.

Fuel Cell Bus: 
Oxford Circus, 
London

TfL �00�



�� ��

Environmental Impact of Fuel Cell Bus Trial:  
Results and Lessons Learnt

Assessing	 the	 environmental	 impact	
of	the	fuel	cell	 (FC)	bus	including	the	
provision	of	hydrogen	(H2)	is	a	central	
element	of	the	CUTE	project.	

In	contrast	to	buses	powered	by	fuels	
such	 as	 diesel	 or	 natural	 gas,	 fuel	
cell	 buses	produce	no	emissions	dur-
ing	operation.	However	supply	of	the	
hydrogen	fuel	may	produce	emissions	
and	 other	 negative	 environmental	
impacts.	 The	 total	 environmental	
effects	 of	 the	 fuel	 cell	 bus	 transport	
energy	 system	 are	 therefore	 most	
likely	 determined	 by	 the	 production,	
storage	 and	 dispensing	 of	 hydrogen	
components.	

It	 is	 therefore	 important	 to	 consider	
the	complete	life	cycle	of	the	transport	
system	 independently	 of	 the	 applied	
propulsion	technology.	The	methodol-
ogy	of	Life	Cycle	Assessment	(LCA)	as	
specified	 in	 the	 ISO	 Standard	 14040	
series	 was	 chosen	 for	 the	 environ-
mental	 analysis	 of	 the	 Fuel	 Cell	 bus	
system	 along	 with	 its	 conventional	
competitor	systems	Diesel	and	CNG1.	
Figure	 4.1.1	 gives	 a	 schematic	 over-
view	of	 the	 life	 cycle	and	 the	 system	
boundaries	 which	 were	 used	 for	 the	
FC	 bus	 system.	 Analogue	 boundary	
conditions	were	applied	to	diesel	and	
CNG	bus	systems.

e n v i r o n m e n t a l  i m p a c t4.
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of	 fuel	 cell	 buses.	 Simulations	 show	
that	over	 15	%	 fuel	would	be	 saved	 if	
the	minimum	current	limitation	were	
eliminated	on	a	typical	inner-city	bus	
route	 in	 Stockholm.	 The	 minimum	
current	also	affects	the	climate	relat-
ed	loads,	since	some	of	the	electricity	
dumped	is	used	for	heating	the	cabin.	
Therefore,	 the	 climate	 related	 loads	
affect	 the	 overall	 fuel	 consumption	
more	 than	 if	 there	 where	 no	 limit-
ing	current.	However,	redesigning	the	
heating	 system	 to	 adapt	 it	 to	 the	
lower	temperature	of	the	output	heat	
from	the	fuel	cells	could	eliminate	or	
minimise	the	need	for	electrical	heat-
ing.	

With	an	electric	driveline,	without	any	
transmission	 i.e.	 direct	 propulsion	 of	
the	wheels	using	wheel	hub	drives,	the	
buses	would	be	quieter.	Electrification	
of	 the	 auxilliaries	 would	 also	 assist	
with	 reduction	 in	 noise	 from	 the	 air	
compressors	and	the	hydraulics	of	the	
roof	 mounted	 radiators.	 In	 addition,	
with	 electric	 auxiliaries,	 idling	 losses	
due	to	the	mechanically	driven	auxil-
liaries	can	be	avoided	and	efficiencies	
for	 subsystems	 increased.	 It	 is	 esti-
mated	 that	 hybridisation,	 in	 general,	
would	save	up	to	20	%	of	the	energy.

The	fuel	cell	Citaro	buses	are	designed	
for	 a	 conventional	 (i.	e.	 mechanical)	
driveline	 with	 an	 internal	 combus-
tion	 engine	 as	 energy	 converter.	
Consequently,	 the	 potential	 for	
improved	vehicle	design,	achieved	by	
using	electric	drivelines	with	fuel	cells	
as	 energy	 converter,	 is	 not	 exploited.		
Electric	drivelines	in	general,	and	fuel	
cells	 in	particular,	present	 the	oppor-
tunity	 to	 build	 buses	with	 optimised	
passenger	 compartment	 and	 axle	
weight	distribution.	This	is	due	to	the	
fact	 that	 the	 systems	 –	 in	 principle	
–	 are	 modular	 in	 their	 design	 and	
that	 they	may	be	packed	quite	 freely	
in	 the	bus	or	on	 the	bus	chassis.	 In	a	
conventional	driveline,	limitations	are	
imposed	by	the	mechanical	transmis-
sion	 from	 the	 energy	 converter	 (i.	e.	
the	engine)	to	the	wheels.

In	 these	 buses,	 not	 being	 a	 produc-
tion	model,	 the	 fuel	 cell	 system	 and	
driveline	 are	 not	 optimised	 for	 low	
weight	 but	 for	 reliability.	 Lowering	
the	 weight	 of	 components	 and	 sys-
tems	 would	 give	 better	 driving	 per-
formance,	higher	passenger	(i.	e.	load)	
capacity	as	well	 as	 reduced	 fuel	 con-
sumption.

bus operations: results and lessons learnt3.
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requirements	 was	 set	 as	 a	 baseline.	
Variations	in	terms	of	Primary	Energy	
demand	from	non	renewable	resourc-
es	 (PE	 (n.ren.)),	 the	 Global	 Warming	
Potential	 (GWP100),	 the	 summer	
smog	formation	potential	(POCP)	and	
the	 Acidification	 Potential	 (AP)	 are	
given.

European	 boundary	 conditions	 were	
assumed	 for	 the	 fuel	 supply.	 That	 is	
diesel	 was	 produced	 in	 a	 European	
refinery	 using	 crude	 oil	 from	 the	
European	crude	oil	supply	mix.	

For	the	FC	busses	the	H2	was	produced	
via	two	different	routes:
1.	 	small	 scale	on-site	 Steam	 reformer	
(H2	st.ref.)

2.		small	scale	on	site	electrolyser	using	
hydro	power	(H2	hydro).

The	results	were	calculated	for	a	run-
ning	distance	of	720.000	km	(12	years	
at	 60.000	km/a)	 driven	 on	 Stuttgart	
bus	route	“Line	42”.	This	is	a	demand-
ing	 drive	 cycle	 in	 Stuttgart	 with	 a	
max.	 gradient	of	 8	%	and	an	average	
speed	of	16	km/h.

Figure	 4.1.3	 shows	 the	 production	
of	 hydrogen	 by	 a	 small	 scale	 on-site	
steam	 reformer.	The	 reformer	perfor-
mance	 is	 shown	 using	 natural	 gas	
and	electricity	 from	different	 regions	
(Europe	 (EU15),	 Germany	 (DE),	 Spain	
(ES)).	 The	 consumption	 figures	 are	
based	 on	 full	 load	 operation	 and	 are	
the	same	for	all	three	routes.	

The	 European	 boundary	 condition	
production	 route	 has	 been	 set	 to	
100	%.	The	 results	 for	 the	 production	
of	 one	 litre	 of	 diesel	 equivalent	 cor-
responding	 to	 3.3	Nm3	 of	 H2	 or	 35.6	
Megajoules	 of	 energy	 are	 given	 for	
Primary	 Energy	 demand	 from	 non	
renewable	 resources	 (PE	 (n.ren.))	 and	
three	 impact	 categories	 (GWP100,	
POCP	and	AP).	
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The	life	cycle	consists	of	three	phases:	
•	 	production	including	resource		
beneficiation,	

•	 	operation	and	
•	 	end	of	life.	

Besides	 this	 vertical	 break	down,	 the	
system	 is	 also	 analysed	 horizontally	
through	the	fuel	supply	and	bus	vehi-
cle	elements.	

In	 addition,	 broadening	 the	 scope	
beyond	 the	 usually	 analysed	 catego-
ries	of	a)	primary	energy	demand	and	
b)	 emissions	 of	 greenhouse	 gases2	
in	 well-to-wheel	 studies,	 is	 impor-
tant	 in	 order	 to	 address	 the	 goals	
of	 European	 policies	 over	 and	 above	
the	 Kyoto	 commitments.	 These	 are,	
for	 example,	 an	 improved	 quality	 of	
air,	 especially	 in	 urban	 areas,	 and	 an	
enhanced	 security	 of	 energy	 supply	
by	decreasing	import	dependency	e.	g.	
of	the	transport	sector.	

The	 widening	 of	 the	 scope	 of	 the	
considered	environmental	impact	cat-
egories	(e.	g.	global	warming,	summer	
smog	 (POCP)3,	 acidification)	 ensures	
that	 these	are	monitored	 if	 there	are	
potential	shifts	between	environmen-
tal	 impacts	 of	 the	 different	 bus	 sys-
tems.

A	 modular	 Life	 Cycle	 model	 for	 the	
manufacturing,	 operation	 (incl.	 fuel	
supply)	 and	 End-of-Life	 of	 different	
bus	 technologies	was	 developed	 and	
used	 to	 quantify	 the	 total	 environ-
mental	footprints.	

Results
When	analysing	and	 interpreting	 the	
LCA	results	it	is	important	to	consider	
that	the	focus	of	the	CUTE	project	was	
on	the	demonstration	of	the	feasibil-
ity	 and	 reliability	 of	 the	 FC	 and	 H2	
technology,	 not	 on	 its	 efficiency.	 The	
CUTE	 project	 results	 are	 calculated	
and	presented	for	technologies	which	
are	 currently	 at	 a	 prototype	 stage.	
This	 applies	 to	 the	 H2	 infrastructure	
as	well	 as	 to	 the	 FC	 Bus.	 The	 results	
will	 therefore	 serve	 as	 a	 baseline	 to	
measure	 the	 future	 improvements	
during	 the	 maturing	 process	 of	 the	
fuel	supply	and	vehicle	technologies.

The	main	 results	 of	 the	 LCA	 are	 pre-
sented	 in	 Figure	 4.1.2	 for	 the	 overall	
life	cycle	of	 the	bus	system,	 in	Figure	
4.1.3	 for	 a	 sample	 hydrogen	 produc-
tion	 route	 and	 in	 Figure	 4.1.4	 for	 the	
energy	 sources	 used.	 The	 interpreta-
tion	 of	 the	 figures	 is	 provided	 in	 the	
Findings	section.

In	 Figure	 4.1.2	 the	 FC	 Citaro4	 bus	
used	 in	 the	 project	 (designated	 FC	
in	 the	 Figure)	 is	 compared	 with	 the	
NEBUS5 (FC	 NEBUS),	 the	 predecessor	
prototype	 to	 the	 FC	 Citaro.	 A	 Diesel	
Citaro	 meeting	 the	 Euro	 3	 emission	

e n v i r o n m e n t a l  i m p a c t4.

2	CO2,	CH4,	N2o,
SF6,	HFC,	PFC
3	POCP:	
PhotoChemical	
Oxidation		
Potential
4	Citaro:	Type	of	
bus	for	public	
transport
5	NEBUS:	New	
Electric	BUS,		
FC	bus	prototype	
developed	by	
DaimlerChrysler
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The	 goal	 of	 this	 study	 was	 an	 eco-
nomic	analysis	of	the	hydrogen	infra-
structure	 in	 parallel	 with	 the	 life	
cycle	assessment.	This	study	gives	an	
overview	 on	 the	 economics	 of	 the	
CUTE	 hydrogen	 infrastructure	 based	
on	 actual	 costs	 as	 they	 occurred	 in	
the	 project.	 The	 cost	 for	 the	 status	
quo	 represent	 the	 situation	 for	 the	
small	 production	 capacity	 of	 on-site	
production	units	(50	Nm3/h	for	steam	
reforming,	 60	Nm3/h	 for	 electrolyser	
and	 prototype	 production	 units/cus-
tomized	 solutions)	 and	 a	 small	 vol-
ume	 for	 trucked-in	 hydrogen.	 Based	
on	 this	 CUTE	 status	 quo,	 a	 future	
scenario	was	constructed	to	meet	the	
hydrogen	 demand	 of	 2015	 as	 envi-
sioned	 by	 the	 European	 Commission	
(EC).	 The	 required	 future	 production	
capacity	is	based	on
•	 	the	 goal	 of	 substituting	 2	%	 of	
conventional	 fuel	 by	 hydrogen	
(based	 on	 energy	 content;	 lower	
calorific	 value)	 as	 stated	 in	 the	 EC	
Whitepaper:	 “European	 Transport	
Policy	 for	 2010:	 Time	 to	 Decide”	
(COM	(2001)	370);	and

•	 	an	 estimated	 fuel	 demand	 based	
on	the	number	of	buses	and	coach-
es	 published	 in	 statistics	 from	 the	
Directorate	General	 (Transport	 and	
Energy),	 i.	e.	 an	 increase	 of	 10	%	 in	
numbers	of	buses	every	10	years,	an	
average	fuel	economy	of	49	l	diesel	
per	100	km	and	a	yearly	mileage	of	
60.000	km.

Using	these	boundary	conditions,	170	
on-site	production	plants	with	a	pro-
duction	 capacity	 of	 600	Nm3/h	 each	
would	be	required	in	2015.	This	implies	
the	 operation	 of	 170	 FC	 bus	 fleets	
throughout	 Europe	 with	 73	 buses	
each	 operating	 with	 a	 fuel	 economy	
of	10.8	kg	hydrogen	per	100	km.

Status Quo
The	 economic	 analysis	 of	 the	 status	
quo	was	performed	based	on	the	fol-
lowing	 level	 of	 detail:	 Overall	 equip-
ment	 (initial	 investment),	 mainte-
nance,	operation	and	site	preparation	
costs.	
Since	 the	 cost	 for	 the	 different	 cat-
egories	 varied	 between	 the	 differ-
ent	 sites,	 the	 results	 are	 present-
ed	 as	 average	 values	 showing	 the	
minimum	 and	 maximum	 range.	 The	
minimum	 numbers	 consist	 of	 the	
minimum	cost	provided	by	 the	 infra-
structure	 suppliers	 for	 each	 module	
(electrolyser/steam	 reformer,	 storage	
concept,	 compressor,	 dispenser	 and	
maintenance)	and	the	minimum	cost	
for	 site	 preparation.	 The	 maximum	
numbers	 consist	 of	 the	 maximum	
cost	for	each	module.	
As	 the	 energy	 consumption	 is	 inde-
pendent	of	the	non-operational	costs,	
the	 same	 energy	 consumption	 has	
been	 considered	 for	 all	 scenarios.	
The	 energy	 consumption	 considered	
represents	 the	 average	number	 from	
all	 sites	 of	 the	 whole	 filling	 station	

4. e c o n o m i c  i m p a c t

Economic Impact of Fuel Cell Bus Trial:  
Results and Lessons Learnt

4.2

Figure	 4.1.4	 addresses	 the	 issue	 of	
security	 and	 diversity	 of	 energy	 sup-
ply	for	public	transportation	in	the	EU.	
The	left	bar	shows	the	current	status	
of	 the	 resource	 mix	 and	 contribu-
tion	of	imports	to	that	mix	for	public	
transportation	within	Europe.	

Findings
The	 findings	 of	 the	 Life	 Cycle	
Assessment	 can	 be	 summarised	 as	
follows:
•	 	the	 H2/FC	 bus	 systems	 contribut-
ed	 to	 an	 improvement	 of	 the	 air	
quality	 in	 congested	 urban	 areas	
by	 providing	 emission	 free	 vehicle	
operation.	In	contrast,	a	Diesel	Euro	
3	 bus	 emits	more	 than	 80	%	 of	 its	
harmful	life	cycle	emissions6	during	
the	operation	phase.

•	 	the	 environmental	 profile	 of	 the	
H2/FC	 bus	 system	 is	 highly	 depen-
dent	on	the	chosen	H2	supply	route	
and	on	the	overall	efficiency	of	the	
whole	 fuel	 cell	bus	system	 (vehicle	
&	fuel	supply).	This	is	especially	the	
case	 with	 regard	 to	 primary	 ener-
gy	 demand	 (from	 non	 renewable	
resources)	 and	 impact	 categories	
(see	Figure	4.1.2)7.

•	 	the	usage	of	renewable	energy	car-
riers	 (e.	g.	hydro	power	or	biomass)	
will	address	the	Kyoto	commitments	

and	contribute	to	an	increased	sus-
tainability	 in	 the	 (public)	 transport	
sector	(see	Figure	4.1.2).

•	 	in	 terms	 of	 local	 environmental	
effects	 (e.	g.	 summer	 smog	 caused	
by	NOx	and	HC	emissions	from	traf-
fic)	 the	operation	of	 the	H2/FC	sys-
tem	 is	 already	 demonstrating	 its	
advantages	 in	 comparison	 with	
conventional	 systems.	 This	 advan-
tage	 is	 independent	 of	 the	 chosen	
H2	supply	route	(see	Figure	4.1.2)

•	 	apart	 from	 the	 factor	 of	 which	 H2 

supply	route	is	chosen,	the	regional	
boundary	conditions	for	the	supply	
of	 energy	 carriers	 such	 as	 natural	
gas	or	electricity	are	decisive	for	the	
overall	environmental	profile	of	the	
bus	system	(see	Figure	4.1.3)

•	 	the	 environmental	 burdens	 during	
manufacturing	 of	 the	 fuel	 cell	 bus	
are	 approximately	 twice	 the	 bur-
dens	 caused	 during	 the	 manufac-
turing	 of	 a	 state	 of	 the	 art	 diesel	
bus

•	 	the	 CUTE	 project	 demonstrates	
an	 increased	 use	 of	 renewable	
resources	 (more	 than	 40	%)	 and	
an	 increased	 diversity	 of	 energy	
resources	 used.	 At	 the	 same	 time	
the	 theoretical	 import	dependency	
for	the	fleet	was	reduced	by	around	
40	%.	

e n v i r o n m e n t a l  i m p a c t4.
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6	With	the	exception	
of	SO2	In	accordance	
with	the	Auto	Oil	pro-
gramme	the	sulphur	
content	is	limited	
to	50	resp.	10	ppm	
resulting	in	very	little	
SO2	emissions	during	
the	bus	operation		
(<	2	%	of	the	life	cycle	
SO2	emissions)

7	The	higher	POCP	and	
AP	values	for	ES	are	
related	to	the	supply	
of	electricity	con-
sumed	by	the	reform-
er	and	compressor	
according	to	Spanish	
boundary	conditions.	
Due	to	its	energy	
carrier	mix	and	its	
emission	standards	
electricity	generation	
in	Spain	in	2002	was	
still	connected	with	
higher	NOX	(relevant	
for	POCP	and	AP)	and	
SO2	(relevant	for	AP)	
emissions	compared	
to	Germany	or	Europe	
(EU15).
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Should	 the	 electricity	 cost	 be	 0.07	 		
per	kWh	as	shown	in	Figure	4.2.1,	on-
site	steam	reforming	is	the	preferable	
technology	should	the	cost	for	natural	
gas	 be	 less	 than	 approx.	 0.078	 	 per	
kWh.	Production	of	hydrogen	by	elec-
trolyser	should	be	preferred	if	the	cost	
for	natural	gas	is	greater	than	approx.	
0.104	 	 per	 kWh.	 Between	 approx.	
0.078	 	 and	 approx.	 0.104	 	 per	 kWh	
natural	gas,	the	non	operational	costs	
are	decisive.	

Analysis	in	of	Figure	4.2.2	shows	that	
for	an	estimated	cost	for	electricity	of	
0.1	 	 per	 kWh,	 on	 site	 steam	 reform-
ing	is	the	preferable	technology	when	
the	 cost	 for	 natural	 gas	 is	 less	 than	
approx.	 0.102	 	 per	 kWh.	 Production	
of	hydrogen	by	electrolyser	should	be	
preferred	if	the	cost	for	natural	gas	is	
greater	than	approx.	0.127	 	per	kWh.	
Between	 approx.	 0.102	 	 and	 approx.	
0.127	 	 per	 kWh	 natural	 gas	 the	 non	
operational	costs	are	the	decisive	fac-
tor.	

The	 analysis	 showed	 also	 that	 the	
determination	of	the	preferable	tech-
nology	 from	 an	 economic	 point	 of	
view	 is	 closely	 related	 to	 the	 cost	
of	 the	 energy	 supply.	 Therefore	 it	 is	
necessary	 to	 consider	 local	 boundary	
conditions	when	comparing	different	
infrastructure	scenarios.

Findings
The	comparison	of	the	status	quo	and	
the	future	scenario	shows	the	contri-
bution	of	the	non-operational	costs	is	
likely	 to	 decrease	 in	 the	 future.	 This	
is	due	 to	 the	greater	decrease	of	 the	
non-operational	 cost	 as	 a	 result	 of	
up-scaling	and	 learning	curve	effects	
compared	with	the	decrease	of	opera-
tional	costs	resulting	from	an	increase	
of	energy	efficiency	in	the	future.
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(electrolyser	 5.8	kWh	 electricity	 per	
Nm3	hydrogen;	steam	reformer	7	kWh	
natural	 gas	 and	 1	kWh	 electricity	 per	
Nm3	hydrogen).
The	high	consumption	of	natural	gas	
of	the	on-site	steam	reformer	is	based	
on	 the	 fact	 that	 they	 where	 rarely	
operated	 under	 full	 load	 conditions,	
leading	 to	 a	 significantly	 decreased	
energy	efficiency	of	the	steam	reform-
er.	 To	 better	 represent	 an	 operation	
according	to	design	specifications,	the	
economics	of	the	steam	reformer	was	
also	calculated	and	presented	for	full	
load	 operation	 (4.7	kWh	 natural	 gas	
and	1	kWh	per	Nm3	hydrogen).	

For	on-site	production	the	non-opera-
tional	costs	(overall	equipment,	main-
tenance	 and	 site	 preparation)	 with-
in	 the	 CUTE	 project	 where	 between	
approximately	 5	 	 and	 9	 	 per	 kg	 of	
hydrogen	 produced	 by	 the	 electroly-
ser	 and	 between	 approximately	 7	 	
and	10	 	per	kg	of	hydrogen	produced	
by	 steam	 reforming.	 The	wide	 range	
of	 the	 cost	 numbers	 is	 due	 to	 the	
fact	 that	 the	 cost	 figures	 for	 on-site	
production	 facilities	 are	 based	 on	
prototype/custom	 built	 plants	 (elec-
trolyser/steam	 reformer,	 compressor	
and	 dispenser).	 The	 overall	 produc-
tion	 cost	 for	 hydrogen	 is	 dominated	
by	 the	 energy	 cost.	 As	 the	 costs	 for	
energy	 supply	 are	 regional	 specific,	

the	overall	cost	for	hydrogen	produc-
tion	can	be	determined	using	regional	
energy	cost,	energy	consumption	and	
the	range	of	non-operational	costs.	

Future scenario
The	 economics	 of	 future	 plants	with	
a	 capacity	 of	 600	Nm3/h	were	 calcu-
lated	 using	 the	 six-tenth	 factor	 rule	
for	 up	 scaling,	 cost	 reduction	 factors	
related	to	the	increase	of	plant	num-
bers	 produced,	 an	 internal	 return	 of	
return	(IRR)	of	12	%	and	an	increase	in	
efficiency.	The	electricity	consumption	
of	 filling	 stations	 with	 on-site	 elec-
trolysers	was	modeled	 using	 5.5	kWh	
per	Nm3	hydrogen	while	4.2	kWh	nat-
ural	gas	and	0.6	kWh	electricity	were	
assumed	for	steam	reforming.
The	 non-operational	 costs	 for	 the	
future	 scenario	 decreased	 to	 approx.	
2.0	 	 –	 2.5	 	 for	 hydrogen	 production	
via	on-site	electrolyser,	and	to	approx.	
1.5	 	–	2.25	 	per	kg	hydrogen	for	steam	
reforming.
Figure	4.2.1	and	Figure	4.2.2	 illustrate	
results	 for	 electricity	 costs	 of	 0.07	 	
and	 0.1	 	 per	 kWh	 and	 varying	 costs	
for	 natural	 gas.	They	 also	 show	 that,	
as	 a	 function	 of	 the	 locally	 prevail-
ing	costs	for	the	energy	carriers	used,	
cost	ranges	can	be	determined	within	
which	either	one	technology	is	prefer-
able	or	if	the	non-operational	(capital)	
costs	are	decisive.	

e c o n o m i c  i m p a c t4.
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Dissemination Activities: Influencing Opinion

Objectives
‘Dissemination’	 in	 the	 CUTE	 project	
comprised	 all	 activities	 and	 mate-
rial	 used	 to	 inform	 a	 diverse	 public	
about	 the	 project,	 about	 hydrogen	
and	 fuel	 cell	 technology,	 about	 the	
project	partners	as	well	as	about	 the	
European	Union	as	a	co-funding	insti-
tution.	 Information	 material	 such	 as	
brochures,	leaflets,	CDs,	web	pages,	TV	
spots,	 newspaper	 articles	 and	 activi-
ties	such	as	presentations,	conferenc-
es,	events	were	developed.

Dissemination	 activities	 clearly	 had	
to	be	in	alignment	with	the	character	
and	 the	 goals	 of	 the	 CUTE	 project.	
Communication	focussed	on
•	 	convincing	 decision	 makers	 to	
invest	 in	 the	 project	 especially	 in	
the	 setting-up	 phase	 in	 the	 begin-
ning	of	CUTE

•	 	making	 the	 public	 aware	 of	 the	
project,	its	technology	and	its	part-
ners	by	using	many	mediums

•	 	creating	 acceptance	 of	 hydrogen	
technology	 and	 reducing	 possible	
concerns	with	it

•	 	communicating	 the	 progress	 and	
subsequently	 the	 success	 of	 the	
project	 to	 the	 public	 and	 partners	
–	the	main	task	in	the	second	(oper-
ational)	phase	of	CUTE

•	 	promoting	 Europe	 as	 a	 leader	 in	
hydrogen	technology

Structured	 research	 and	 analysis	 of	
public	perception	was	not	the	subject	
of	 dissemination	 activities.	 However	
passenger	and	customer	surveys	were	
carried	 by	 the	 cities	 and	 local	 opera-
tors.	One	particular	challenge	was	 to	
promote	 the	 indirect	 and	 long	 term	
benefits	 of	 the	 project	 to	 the	 pub-
lic	 as	 well	 as	 direct	 improvements	
such	 as	 clean	 air,	 less	 pollution	 and	
less	 climate	 influencing	 gases.	 One	
organisational	challenge	was	to	work	
together	with	nine	partner	cities	and	
28	 partner	 companies	 to	 develop	 a	
central	marketing	strategy	which	left	
enough	 space	 for	 local	 partners	 to	
satisfy	 their	 own	 requirements	 and	
action	their	own	ideas.

1. Strategy
The	 definition	 of	 target	 groups	 was	
an	 important	 initial	 step	 in	 devel-
oping	 a	 dissemination	 strategy	 and	
in	 retrospect,	 proved	 to	 be	 essen-
tial.	 Differentiation	 between	 groups:	
industry,	 politicians,	 students/pupils,	
journalists,	 passengers,	 enabled	 an	
efficient	 use	 of	 capacities	 in	 order	
to	 get	 the	 highest	 possible	 visibility,	
attention	and	support.	

One	 strategy	 in	 the	 dissemination	
activities	 was	 to	 split	 the	 tasks	 and	
responsibilities	between	two	different		
groups	 –	 centrally	 co-ordinated	 tasks	
undertaken	 by	 project	 management	
and	 locally	 co-ordinated	 responsibili-
ties	undertaken	by	the	transport	com-
panies	in	the	CUTE	partner	cities.

5.1

Status quo: 
•	 	Regional	 boundary	 conditions	 are	
decisive

•	 	absolute	 non-operational	 costs	 are	
independent	of	 the	utilization	 rate	
of	the	production	unit,

•	 	within	 CUTE	 boundary	 conditions,	
the	non-operational	costs	are	high-
er	for	steam	reformer	than	for	elec-
trolyser,

•	 	cost	 for	 site	 preparation	 and	 stor-
age	are	not	insignificant,	and

•	 	the	 maintenance	 cost	 for	 both		
on-site	technologies	analyzed	(elec-
trolyser,	steam	reformer)	add	up	to	
an	average	of	5	%	to	8	%	of	 the	 ini-
tial	 investment	 cost.	 Costs	 related	
to	warranty	repairs	and	special	inci-
dents	are	not	 included	and	have	to	
be	discussed	independently.

Future scenario:
•	 	Cost	 reduction	 potential	 is	 higher	
for	 steam	 reformer	 compared	 to	
electrolyser,	and

•	 	no	general	statement	favouring	one	
of	 the	options	 can	be	made	as	 the	
overall	 cost	 are	 closely	 related	 to	
regional	 boundary	 conditions	 (e.	g.	
cost	for	trucked-in	hydrogen	vary	by	
a	factor	of	4).

Based	on	the	findings	of	this	study	it	
is	 possible	 to	 determine	 the	 cost	 for	
on-site	steam	reformer	&	electrolyser	
hydrogen	 production	 and	 trucked-in	
hydrogen	for	different	boundary	con-
ditions.	This	is	achieved	by	varying	the	
key	 parameters	 such	 as	 the	 cost	 for	
energy,	 efficiencies,	 capacity	 and	 the	
number	 of	 on-site	 production	 units,	
maintenance	 and	 site	 preparation	
cost	 and	 applying	 an	 IRR	 to	 invest-
ment	cost.
When	 comparing	 the	 hydrogen	 pro-
duction	costs	calculated	in	this	study	
with	 cost	 figures	 provided	 by	 other	
studies,	it	is	essential	to	carefully	con-
sider	 the	 boundary	 conditions	 that	
have	been	applied.
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The	structure	of	the	site,	with	a	public	
part	and	a	members	section,	enabled	
it	to	address	the	two	target	groups	by	
allowing	different	contents.

From	 its	 launch	 in	 late	 2002,	 the	
site	 developed	 very	 successfully	 and	
achieved	the	following	between	2004	
and	2005:
•	 	a	total	of	6.5	million	registered	hits	
with	page	requests	totalling	nearly	
700.000.	 From	 around	 15.000	 per	
month	at	the	end	of	2003,	requests	
at	 the	 end	 of	 CUTE	 in	 Nov	 2005	
were	 four	 times	 higher,	 reaching	
nearly	60.000	per	month.

•	 	More	 than	 61,000	 visitors	 were	
counted	 in	 total	 which	 gives	 a	
rough	 average	 of	 2.500	 to	 3.000	
per	month.	Towards	 the	end	of	 the	
project,	a	maximum	of	nearly	3.500	
visitors	 in	 November	 05	 indicates	
a	 trend	 to	 increasing	 popularity	 of	
the	site.

•	 	45	GB	of	 information	material	was	
downloaded	containing	information	
on	the	cities,	the	project	and	specif-
ically	 the	 technology,	 for	 example	
2600	online	copies	of	the	brochures	
on	CUTE	were	downloaded.	

The	 web	 site	 appears	 to	 have	 been	
and	 remains	 a	 successful	 tool	 to	
spread	 information.	For	 future	activi-
ties	 it	 needs	 to	 be	 continued	 in	 a	
similar	structure	and	be	continuously	
improved.

Material
Publications	and	press	 releases	 regu-
larly	appeared	at	city	and	partner	level.		
The	greater	part	of	press	release	work	
was	conducted	by	the	city	partners.
One	 of	 the	 intentions	 of	 material	
developed	 by	 project	 management	
was	to	provide	a	uniform	project	iden-
tity	 and	 the	 publication	 of	 ‘whole	 of	
project’	information	brochures.	
One	element	of	this	was	the	creation	
of	a	project	logo.

Figure �.1.1: 
Fuel Cell Bus 
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Project	management	was	responsible	
for	establishing	a	central	strategy,	co-	
ordinating	central	communication	tools		
such	 as	 the	web	 site,	 a	 standardised	
project	 identity	 and	 organizing	 proj-
ect	meetings	and	conferences.

The	transport	companies	in	the	cities	
and	 all	 other	 project	 partners	 devel-
oped	 local	 material	 such	 as	 regular	
and	 one	 off	 publications,	 papers	 and	
handbooks	and	initiated	media	place-
ments	 such	 as	 newspaper	 and	 radio	
spots.

2. Central Activities
Fuel Cell Bus Club
A	 first	 step	 in	 co-ordinating	 dissemi-
nation	 activities	 was	 the	 setting	 up	
of	the	Fell	Cell	Bus	Club	(FCBC)	at	the	
beginning	of	the	CUTE	project	in	2001.	
The	 FCBC	 comprised	 the	participants	
in	 the	 fuel	 cell	 bus	 projects	 which	
intend	 to	 introduce	 fuel	 cell	 transit	
buses	 to	 their	 fleets	 and	 establish	
a	 hydrogen	 refuelling	 infrastructure	

in	 their	 cities.	 All	 the	 CUTE	 project	
cities	 were	 represented	 as	 well	 as	
partner	projects	 in	Reykjavik	 (ECTOS),	
Perth	(STEP)	and	more	latterly,	Beijing	
(MOST)	 and	 Vancouver	 (BC	 Transit).	
The	 long	 term	 aim	 of	 the	 FCBC	 was	
to	 achieve	 a	 sustainable	 transport	
solution	 based	 on	 renewable	 fuels.	
The	participants	agreed	on	basic	prin-
ciples	 and	 common	 goals	 in	 March	
2001.

Web Site
A	central	and	elementary	task	was	the	
development	and	the	maintenance	of	
an	official	web-site	by	 the	FCBC,	cov-
ering	CUTE	as	well	as	ECTOS	and	STEP.	
This	site	was	created	in	October	2002	
and	is	available	at:
http:// www.fuel-cell-bus-club.com
The	 website	 was	 set	 up	 to	 promote	
the	project	amongst	the	different	tar-
get	groups	–	both	externally	and	inter-
nally	–	and	to	ensure	a	high	transpar-
ency	by	information	exchange	on	the	
progress	 of	 the	 CUTE	 project	 and	 its	
sister	projects.

The	 web	 site	 had	 two	 main	 objec-
tives:
•	 	To	provide	the	public	with	as	much	
information	 as	 possible	 on	 project,	
news,	technology	and	its	partners.

•	 	A	platform	for	information	exchange	
for	all	project	partners	to	guarantee	
information	exchange	between	the	
different	stakeholders.

Entrance screen of www.fuel-cell-bus-club.com
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Dissemination Summary Chart 2006

It	 is	 clear	 from	 this	 table	 that	 differ-
ent	means	have	been	used	to	varying	
extent	 in	 the	 different	 cities	 due	 to	
different	 strategies,	 requirements	 or	
budgets.

4. Surveys / Public Response
Structured	 research	 to	 assess	 public	
response	 to	 the	 technology	 and	 to	
measure	 dissemination	 success	 was	
not	a	core	 task	 in	CUTE.	However	cit-
ies	 themselves	 launched	 surveys	 to	
assess	their	own	dissemination	activi-
ties,	 e.	g.	 Hamburg	 and	 Stuttgart	 ran	
passenger	surveys	in	2004,	Stockholm	
in	2004	and	2005,	Barcelona	in	2004.	
In	addition	the	European	Commission	
financed	 a	 study1	 performed	 by	
AcceptH2	 to	 examine	 the	 impact	 of	
hydrogen	 trials	 on	 public	 awareness	
and	 attitudes	 in	 four	 cities	 amongst	
them	 the	 CUTE	 cities	 of	 London	 and	
Luxembourg.	The	partner	project	STEP,	
in	 Perth,	 concurrently	 ran	 a	 similar	
study.

A	 brief	 summary	 of	 the	 outcomes	
show	 that	 amongst	 the	 passengers	
–	 who	 are	 mostly	 (up	 to	 90	%)	 daily	
users	 of	 public	 transportation	 sys-
tems	–	the	acceptance	and	support	of	

hydrogen	 and	 the	 CUTE	 project	 was	
very	 high	 (between	 60	%	 and	 90	%).	
Negative	 associations	with	 hydrogen	
proved	to	be	negligible.	
In	 relation	 to	 information	 penetra-
tion,	 10	–	15	%	 of	 the	 passengers	 still	
did	not	know	they	were	on	a	fuel	cell	
bus	 and	 generally	 people	 required	
more	 information	on	 the	project	and	
technology.	 However,	 passengers	
found	 the	 project	 a	 good	 idea	 and	
would	 even	 accept	 a	 slightly	 higher	
(10	–	20	%)	fare.

5. Conclusion
CUTE	 set	new	dimensions	 in	 relation	
to	 the	 numbers	 of	 people	 directly	
brought	 into	 contact	 with	 the	 new	
hydrogen	 technology.	 With	 nearly	 5	
million	 passengers	 transported,	 this	
means	nearly	five	million	people	with	
the	potential	to	experience	the	safety	
and	reliability	of	fuel	cells	and	hydro-
gen	technology.

However,	 reaching	 these	people	does	
not	automatically	 result	 in	a	positive	
perception.	 Therefore	 a	 structured	
approach	 to	 communicating	 project	
goals	 and	 success	 had	 to	 be	 applied.	
Both	 partners	 –	 customer	 cities	 and	
project	 co-ordination	 –	 had	 to	 work	
together	to	achieve	this.

1	Public	
Acceptance	
of	Hydrogen	
Transport	
Technologies,	
AcceptH2	project,		
2005	(www.
accepth2.com)

Table �.�.1: 
Summary of  
dissemination 
activities

city period  
(since launch)

tv &  
radio

newspaper & 
articles

media  
placement

presentations local events

Amsterdam 12/2003	–	10/2005 9 17 7 30 8
Barcelona 09/2003	–	10/2005 17 28 3 64 6
Hamburg 09/2003	–	10/2005 26 62 9 393 6
London 12/2003	–	10/2005 20 46 10 31 15
Luxembourg 10/2003	–	10/2005 16 17 4 89 5
Madrid 05/2003	–	10/2005 3 66 7 95 2
Porto 01/2004	–	10/2005 14 152 17 18 12
Stockholm 11/2003	–	10/2005 10 51 11 103 4
Stuttgart 11/2003	–	10/2005 12 40 24 123 14
sum 127 479 92 946 72

Another	 important	 element	 was	 the	
publishing	of	several	brochures	aimed	
at	the	general	public.	
•	 	A	General	 Introduction	Brochure	 in	
October	2002	with	8000	copies	dis-
tributed

•	 	A	 General	 Information	 Leaflet	 pro-
duced	in	June	2003	with	5000	cop-
ies	distributed

•	 	A	Hydrogen	 Infrastructure	and	Bus	
Technology	 Brochure	 produced	 in	
January	2004	with	8000	copies	dis-
tributed

•	 	A	 Final	 Brochure	 at	 the	 end	 CUTE	
showing	 results	 of	 the	 operation-
al	 phase	 and	 outlining	 lessons	
learned

All	the	brochures	can	be	downloaded	
in	 English	 language	 from	 the	 web	
site.

Conferences & meetings
Conferences	 for	 the	public	were	held	
at	 major	 milestones	 of	 the	 project.	
As	 a	 regular	 forum	 for	 exchange	 of	
information,	CUTE	/	ECTOS	/	STEP	joint	
meetings	were	held	twice	a	year.	Each	
participating	city	hosted	one	meeting	
throughout	the	duration	of	CUTE.	

3. Project City Dissemination 
Activities
Each	of	 the	project	cities	was	heavily	
involved	 in	 dissemination	 activities.	
In	 relation	 to	material	 and	 presenta-
tions,	the	project	cities	and	their	local	
partners	employed	their	own	market-
ing	concepts	and	strategies	according	
to	local	needs	and	vision.	This	combi-
nation	 of	 different	 activities	 worked	
out	very	successfully.

Activities	 included	 presentations	 &	
interviews,	 conferences,	 local	 events,	
press	 releases,	 production	 of	 bro-
chures/flyers,	 development	 of	 CDs/
videos/model	buses,	maintaining	of	a	
local	web-site,	etc.

Facts and Figures
The	 following	 statistics	 provide	 an	
impression	 of	 the	 dimension	 and	
nature	 of	 CUTE	 dissemination	 and	
promotion	activities	in	the	project	cit-
ies.	Cities	were	asked	to	update	their	
dissemination	statistics	so	that	at	end	
of	CUTE	the	following	charts	and	fig-
ures	for	the	years	2004	&	2005	could	
be	presented.

Technology brochure 
– �00�
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Introduction
Besides	the	testing	of	fuel	cell	buses,	
hydrogen	 production	 and	 refuelling	
stations	in	daily	operation,	one	of	the	
main	 objectives	 of	 the	 CUTE	 project	
was	to	reduce	any	fear	and	resistance	
to	 hydrogen	 as	 a	 fuel	 and	 to	 raise	
awareness	 on	 sustainable	 transport	
energy	 in	 the	 respective	 cities.	 Well	
trained	and	communicative	staff	act-
ing	 as	 a	 link	 between	 people	 and	
the	 technology	 (training)	 and	 direct	
information	 giving	 to	 special	 target	
groups	such	as	school	students	 (edu-
cation)	 were	 considered	 a	 precondi-
tion	to	achieve	this	goal.	

The	 objectives	 of	 this	 deliverable	 –	
Training	 and	 Education:	 The	 Human	
Part	 in	CUTE	–	were	 to	analyse,	 com-
pare,	and	assess	how	the	CUTE	partner	
cities	 trained	 their	 drivers	 and	 their		
staff	 at	 refuelling	 stations	 and	 how	
Ballard	 Power	 Systems	 trained	 their	
on-site	 technicians.	 In	 addition,	 this	
section	reports	the	educational	activi-
ties	undertaken	to	spread	the	knowl-
edge	gained	through	the	CUTE	project	
about	this	innovative	technology.

Recommendations	 for	 future	 activi-
ties	 in	training	and	education	in	con-
nection	 with	 the	 introduction	 of	 a	
new	 technology	 are	 also	 provided.	
Based	 on	 these	 recommendations,	
lessons	 can	 be	 drawn	 for	 enterpris-

es	 and	 governmental	 organisations	
when	 introducing	 new	 technologies	
in	 the	 future.	 The	 experience	 gained	
is	 not	 only	 relevant	 to	 hydrogen	 or	
fuel-cell	(FC)	technology,	but	to	many	
technologies.	 All	 technologies	 need	
to	 be	 safely	 handled	 by	 well-trained	
staff	 and	 they	all	 benefit	 from	effec-
tive	awareness	raising	education	pro-
grammes.

Training
Training	 was	 defined	 as	 the	 execu-
tion	 of	 a	 systematic	 programme	 or	
a	 variety	 of	 scheduled	 exercises	 in	
order	 to	 develop	 and	 enhance	 skills,	
knowledge,	 capabilities	 and	 produc-
tive	efficiency.	Therefore,	training	–	in	
contrast	to	“education”	–	in	this	report	
refers	to	the	education	of	staff	in	the	
participating	organisations	that	were	
working	with	the	fuel	cell	technology	
(drivers,	 refuelling	 station	 staff,	 site	
technicians).	

Training and Education:  
The ‘Human’ Side of the CUTE Project

5.2
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The	 strategy	 of	 delegating	 responsi-
bility	 for	 most	 activities	 to	 the	 local	
partners	 on	 the	 one	 hand	 appeared	
to	 work	 successfully	 as	 it	 enabled	
the	 cities	 to	 satisfy	 local	 &	 cultural	
requirements	 when	 addressing	 the	
public	 and	 other	 target	 groups.	 On	
the	 other	 hand,	 having	 few	 common	
minimum	 standards	 and	 budgets	 of	
different	 scales	 resulted	 in	 a	 large	
discrepancy	 between	 the	 number	 of	
activities	in	the	cities.

Widespread	 acceptance	 and	 support	
of	 hydrogen	 technology	 was	 found	
for	the	CUTE	demonstration	project	in	
the	participating	cities.	Expected	resis-
tance	to	and	concern	about	hydrogen	
as	 a	 fuel	 proved	 to	 be	 less	 prevalent	
than	expected.	Awareness	about	fuel	
cell	buses	and	technology	was	raised	
in	 the	public	 through	 the	dissemina-
tion	 activities.	 However,	 there	 is	 still	
more	to	do	to	reach	people	that	do	not		
travel	by	public	transport	each	day.

Generally	 speaking	 the	 combination	
of	different	tools	proved	to	work	well.	
A	 rigorous	 assessment	 of	 the	 differ-
ent	 activities	 was	 not	 undertaken,	
however	 some	 methods	 seemed	 to	
reach	people	better	than	others:
•	 	buses	 and	public	 transport	 in	 gen-
eral,	 as	 a	 lever	 to	 promote	 hydro-
gen	 technology,	 are	 an	 ideal	 com-
bination.	They	proved	to	be	a	most	
effective	tool	as	many	people	could	
directly	 experience	 fuel	 cell	 driven	
transport	–	compared	to	the	limited	
capacity	of	fuel	cell	cars.

•	 	Information	material	 on	 the	 buses	
worked	 well	 but	 must	 be	 more	
effective	 in	 terms	 of	 giving	 more	
and	 better	 information	 on	 hydro-
gen	 infrastructure	 and	 the	 project	
partners.	Multimedia	presentations	
may	help	 to	 reduce	 the	number	of	
people	(10	–	15	%)	who	did	not	know	
they	were	on	a	fuel	cell	bus.

•	 	Direct	 contact	 with	 single	 target	
groups	 worked	 well	 too,	 events	 at	
schools	 or	 information	 days.	 This	
was	 followed	as	an	effective	medi-
um	 by	 articles	 in	 local	 press	 and	
presentations	at	events.

•	 	In	most	cities,	the	demand	for	mate-
rial,	 presentations	 and	 events	with	
CUTE	buses	surpassed	 the	capacity	
of	 the	 cities/operators	 to	 provide	
them.

Some	major	 points	 for	 improvement	
in	 future	 projects	 were	 also	 identi-
fied:
•	 	The	importance	of	CUTE	as	a	project	
for	 the	 participating	 customers	 /	
operators	has	to	be	aligned	among	
all	 partners.	 Clearer,	 centralised	
organisation	 and	 guidelines	 from	
the	beginning	may	represent	a	step	
forward.

•	 	Structured	 research	 in	 all	 cities,	 in	
the	 beginning	 and	 at	 the	 end	 of	
the	project	with	identical	question-
naires	 may	 allow	 a	 more	 rigorous	
analysis	and	comparison	of	the	suc-
cess	of	the	different	activities.

c o m m u n i c a t i o n s5.
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Project	 experience	 suggests	 that	 it	
would	be	worthwhile	considering	the	
development	 of	 a	 uniform	 European	
certificate	 for	 bus	 drivers	 and	 other	
staff	 handling	 fuel	 cell	 technology	
(e.	g.	operators	of	hydrogen	refuelling	
stations,	workshops,	 etc.).	This	would	
guarantee	 uniform	 safety	 standards	
and	would	 acknowledge	 the	 respon-
sible	nature	of	the	work	of	the	staff.

Emergency Training
Simulated	 emergency	 response	 drills	
should	be	made	use	of	in	the	training:	
According	 to	 experiences	 in	 London,	
complex	 documents	 are	 rather	 inef-
fective	 training	 materials,	 simply	
because	 they	 are	 not	 read.	The	most	
effective	 training	 approach	 were	
the	 simulated	 (tabletop)	 emergency	
response	 drills.	 Such	 drills	 required	
the	trained	staff	to	transfer	and	apply	
their	 theoretical	 knowledge	 in	 order	
to	solve	a	critical	situation.

Training Feedback
General	 feedback	 from	 the	 staff	
regarding	training	needs	and	contents	
need	 to	 be	 harnessed	 regularly	 in	 a	
formalised	way	preferably	in	the	form	
of	written	questionnaires	 to	be	 filled	
in,	 in	 combination	 with	 regular	 (e.	g.	
bi-annual)	group-meetings.	The	feed-
back	needs	 to	be	analysed	and	docu-
mented.	 Changes	 which	 have	 been	
prompted	by	 the	 feedback	 should	be	
well	communicated,	so	the	staff	clear-

ly	 understand	 that	 their	 experiences	
and	 knowledge	 is	 highly	 valued	 and	
may	cause	changes.

Education
Education	was	defined	in	this	project	
as	 the	 gradual	 process	 of	 acquiring	
knowledge,	 and	 –	 in	 the	 context	 of	
CUTE	–	mainly	refers	to	activities	that	
focussed	 on	 pupils	 and	 students	 as	
the	primary	target	group	that	will	use	
the	hydrogen	and	fuel	cell	technology	
in	 the	 future.	 Mobility	 patterns	 and	
awareness	 regarding	 environmen-
tal	 sustainability	 are	 formed	 in	 one’s	
youth.

Specific Education Programmes
In	all	cities	involved,	strong	emphasis	
was	 given	 to	 inform	 the	 community	
of	 the	 objectives	 of	 the	 project	 and	
the	positive	environmental	 impact	of	
the	buses.	For	this	purpose	brochures,	
flyers	and	other	dissemination	mate-
rial	 were	 distributed	 on	 the	 buses,	
on	 site	 and	 during	 special	 events.	 In	
addition	 to	 this,	 Hamburg,	 Stuttgart	
and	 Perth	 (STEP)	 developed	 special	
education	materials	and	programmes	
for	 teachers	 and	 pupils,	 which	 were	
handed	out	free	of	charge.	In	Hamburg	
the	material	was	distributed	through	
CDROM	and	on	paper	and	more	than	
500	copies	of	each	were	sent	or	given	
to	schools.	Target	group	for	the	mate-
rial	was	7th	and	8th	grade	pupils	(aged	
10	to	12	years).	

Broad Parameters of the Training
In	 2003,	 over	 550	 bus	 drivers	 and	
nearly	 30	 refuelling	 station	 staff	
were	 trained	 on-site.	 The	 site	 tech-
nicians	 from	 EvoBus	 and	 Ballard	
Power	 Systems	also	underwent	prac-
tical	 training	 in	 Vancouver.	 Training	
methods	 included	 upfront	 teaching	
(especially	 on	 technical	 issues)	 and	
a	 train-the-trainer-approach.	 The	 lat-
ter	 principle	 was	 mostly	 used	 with	
operational	 aspects	 of	 the	 FC	 buses	
such	as	the	bus	starting	procedure	or	
the	 refuelling	 process.	 The	 duration	
of	 the	training	of	 the	drivers	differed	
between	 2	 and	 20	 hours	 according	
to	 the	 specific	 objectives	 of	 the	 cit-
ies.	 Training	 material	 was	 presented	
through	 power	 point	 presentations,	
manuals	and	work	 instructions.	After	
the	 completion	 of	 the	 training,	 per-
sonnel	 reported	 in	 interviews	 that	
they	felt	well	prepared	to	handle	 the	
new	technology	and	to	communicate	
the	 objectives	 of	 the	 project	 to	 pas-
sengers.

Training Materials
It	 is	 in	 the	 nature	 of	 a	 new	 technol-
ogy,	 that	 there	 is	 no	 such	 thing	 as	 a	
perfect	and	all-embracing	preliminary	
version	of	training	materials	or	proce-
dures.	 Questions	 arise	 in	 connection	
with	 the	 use	 and	 practical	 applica-
tion	of	 the	technology.	Consequently,	
the	preliminary	training-manuals	and	
handbooks	need	 to	be	 further	 devel-
oped	 and	 designed	 in	 such	 a	 way	
that	allows	them	to	be	amended	and	
adapted,	according	to	experience	and	
in	 order	 to	 keep	 pace	 with	 ongo-
ing	 technological	 innovations.	 The	
training	materials	need	to	be	easy	to	
understand	and	written	in	the	mother	
language	of	the	staff.

Selection of Personnel
The	 most	 important	 criteria	 in	 the	
selection	of	operating	staff	were	that	
they	 showed	 a	 lively	 interest	 in	 the	
new	 technology	 and	 volunteered	 to	
become	 part	 of	 this	 project.	 It	 was	
desirable	to	recruit	the	staff	on	a	vol-
untary	basis	as	most	CUTE	partner	cit-
ies	did.	This	is	because	it	was	not	only	
the	safe	handling	of	the	new	technol-
ogy,	 that	 was	 required,	 but	 also	 its	
presentation	to	the	interested	public.	
The	operating	staff	needed	to	be	able	
and	willing	to	study	new	and	complex	
contents	and	present	and	explain	that	
to	interested	customers.	

Figure �.�.1: 
Training duration 
in relation to 
trained staff
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The	CUTE	project	has	been	recognised	
internationally	 as	 a	 major	 milestone	
in	 the	 development	 and	 demonstra-
tion	of	hydrogen	fuel	cell	technology.	
The	project	has	seen	27	buses	working	
in	 everyday	 public	 transport	 services	
in	 nine	 European	 cities	 and	 perform	
with	 an	 extremely	 high	 and	 exciting	
level	of	reliability	and	effectiveness.

CUTE	 has	 successfully	 demonstrated	
that	hydrogen	powered	fuel	cell	buses	
are	 capable	of	meeting	 the	demand-
ing	 operating	 conditions	 of	 public	
transport.	
The	buses	have	
•	 	operated	 for	 more	 than	 62.000	
hours,	

•	 	covered	 more	 than	 850.000	
Kilometres	and	

•	 	carried	 more	 than	 4	 Million	 pas-
sengers.	

Similar	 buses	 have	 operated	 just	 as	
successfully	 in	 Iceland	 and	 Perth,	
Western	 Australia,	 demonstrating	
the	robustness	of	the	operational	and	
supporting	systems.
Most	 importantly,	 the	 CUTE	 Project	
has	 also	 produced	 some	 very	 impor-
tant	 results	 which	 point	 the	 way	 to	
the	 future	 –	 for	 Governments,	 for	
technology	 developers	 and	 for	 the	
community.

The Global Context
Oil	 is	 the	 foundation	 of	 the	 global	
transport	 system.	More	 than	 90%	 of	
the	 global	 transport	 task	 is	 powered	
from	oil	based	energy.	

Oil	is	a	fossil	fuel	that	took	millions	of	
years	 to	 form.	However	we	are	using	
oil	 at	 a	 rate	 that	 will	 substantially	
exhaust	it	over	considerably	less	than	
two	centuries.	

And	 while	 it	 is	 being	 used	 –	 in	 cars,	
in	 power	 generation,	 in	 industry	 and	
the	 community	 –	 the	 environment	
and	 human	 health	 continue	 to	 be	
harmed.	

These	 facts	 are	 generally	 not	 in	 dis-
pute	 nor	 subject	 to	 debate.	The	 only	
debate	 is	 around	 the	 timing	 of	 oil	
depletion	and	 the	degree	of	environ-
mental	harm.	Even	the	most	authori-
tative	 and	 arguably	 the	 most	 con-
servative	 sources	 are	 talking	 about	
reserves	of	around	40	years	based	on	
the	current	rate	of	production.
The	latest	(2005)	BP	Statistical	Review	
states	 that	 the	 world’s	 Reserve	 to	
Production	ratio	 (in	effect	 the	‘life’	of	
oil)	 in	2004	was	40.5	years.	That	 is	 if	
we	 continue	 using	 oil	 at	 the	 current	
rate	 and	 from	 the	 known	 reserves,	
oil	supplies	will	 run	out	after	slightly	
more	than	40	years.	

What did we learn from CUTE: A Summary.6.1

In	Stuttgart	the	fuel	cell	buses	visited	
more	 than	 23	 schools	which	 allowed	
pupils	 to	 get	 in	 touch	 directly	 with	
the	new	technology.	

In	 June	 2005,	 Perth	 launched	 a	web-
site,	 to	 download	 specific	 education	
material.	The	STEP	“hydrogen	and	fuel	
cell	 education	 package1”	 is	 a	 web-
based,	 interactive	 program	 (which	
includes	teacher	and	student	resource	
material)	 designed	 for	 mid-to-upper	
primary	 school	 students	 (age	 9	–	13	
years).	 Two	 different	 and	 separate	
activity	 and	 learning	 packages	 were	
developed	 and	 are	 available	 on	 the	
web	 site.	 The	 package	 was	 designed	
to	introduce	young	Australians	to	the	
concept	 behind	 clean	 fuel	 technol-
ogy	 such	 as	 hydrogen,	 and	 spark	 a	
genuine	interest	in	what	can	be	done	
to	re-think	our	energy	options	for	the	
future.	 By	 January	 2006,	 the	 educa-
tion	site	had	received	6,612	hits	since	
it	was	launched.	These	positive	results	
speak	for	themselves.

Learning from the Education 
Activities
The	 feedback	with	 regard	 to	 the	 dif-
ferent	 education	 activities	 in	 these	
cities	was	 very	 positive.	 Some	 of	 the	
lessons	 learned	 from	 these	 activities	
are:

•	 	the	easier	the	materials	can	be	inte-
grated	 into	 the	mandatory	 school-
curriculum,	the	more	likely	it	is	that	
they	will	actually	be	used.	Therefore,	
a	 close	 co-operation	 with	 all	 rel-
evant	stakeholders	(school-authori-
ties,	 teachers,	 science	 curriculum	
specialists,	student	representatives,	
etc.)	will	be	beneficial	for	the	devel-
opment	of	 the	education	materials	
with	 regard	 to	 structure	 and	 con-
tent

•	 	additional	opportunities	for	school-
ing	“outside	 the	 classroom”,	 at	 the	
bus	depot	for	example,	were	gener-
ally	 well	 received	 by	 teachers	 and	
students

•	 	references	in	the	education	materi-
als	 should	 indicate	 other	 organisa-
tions	 and	 options	 for	 activities	 to	
create	 a	 whole	 network	 of	 educa-
tion	 possibilities	 regarding	 hydro-
gen	 and	 fuel	 cell	 technology.	 This	
provides	 teachers	 with	 an	 easy	
orientation,	 so	 they	 can	 make	 the	
most	 suitable	 choice	 (for	 addition-
al	 materials	 and	 excursions)	 and	
do	 not	 get	 lost	 in	 the	 “jungle”	 of	
opportunities.

•	 	a	 systematic	 and	 well	 structured	
collection	 of	 feedback	 from	 teach-
ers,	 facilitates	 the	 further-develop-
ment	 of	 materials	 and	 (teaching-)		
concepts,	 in	 order	 to	 fully	 meet	
the	 (changing)	needs	of	pupils	and	
teachers.

Web page hits 
from June �00� to 
January �00� in 
Perth/Australia

1	The	material	is
available	in	the	
internet	on	the	
site	www.gdc.
asn.au/ecobus

c o m m u n i c a t i o n s5.

Year Page Loads Unique Visitors First Time Visitors Returning Visitors

2005 6,613 1,965 1,68 285

2006 110 51 45 6
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which	has	a	fleet	of	vehicles,	centrally	
based,	maintained	 and	 refueled,	 and	
well	resourced	and	highly	skilled	sup-
port	facilities.	

Arguably	it	is	the	only	transport	ener-
gy	 system	 currently	 being	 developed	
which	has	that	capability	in	the	broad	
scale.

The Technical Findings
The	 technical	 results	 of	 the	 proj-
ect	 give	 many	 ‘pointers’	 toward	 the	
future	and	where	more	 research	and	
development	work	might	best	be	con-
centrated.

The Buses
The	buses	have	performed	far	beyond	
expectation	 set	 at	 the	 commence-
ment	of	the	CUTE	project.	

However	 the	 CUTE	 buses	 were	
designed	 to	 meet	 reliability	 objec-
tives	 and	 not	 to	 be	 as	 efficient	 as	
possible.	The	objective	was	to	test	the	
fuel	 cell	 drive	 train.	The	buses	 there-
fore	 utilized	 as	much	 of	 the	 existing	
Citaro	bus	mechanical	components	as	
possible.	This	design	philosophy	led	to	
many	 of	 the	 fundamental	 efficiency	
potentials	of	a	fuel	cell	drive	train	not	
being	captured.	

In	 order	 to	 meet	 the	 performance	
potential	 that	 fuel	 cell	 vehicles	have,	
as	well	as	to	meet	operational	public	
transport	demands,	they	need	to	per-
form	even	better.
•	 	Improve	the	Vehicle	Energy	efficien-
cy	to	be	equal	to	or	better	than	the	
diesel	equivalent;

•	 	Vehicle	weight	needs	to	be	reduced	
to	be	comparable	with	a	diesel	bus;

•	 	Vehicle	noise	needs	to	be	reduced.

The	 CUTE	 accompanying	 studies	
suggest	 that	 these	 targets	 can	 be	
achieved.

Energy	 efficiency	 can	 be	 greatly	
increased	by
•	 	Utilizing	a	hybrid	drive	train
•	 	Eliminating	the	design	requirement	
for	the	fuel	cells	to	always	produce	
a	minimum	current

•	 	Changing	the	auxiliary	system
•	 	Improving	the	weight	of	the	bus

Other	 work	 being	 undertaken	 also	
indicates	 that	 vehicle	 noise	 can	 be	
greatly	 reduced.	 Projects	 already	
underway	are	tackling	these	issues.

Significantly,	 the	 reported	Reserve	 to	
Production	 ratio	 had	 dropped	 from	
the	 43	 years	 predicted	 in	 2002.	 Even	
though	 the	 known	 reserves	 had	
increased,	 the	 world’s	 rate	 of	 use	 of	
oil	 had	 increased	 more	 quickly,	 and	
the	predicted	‘life’	has	reduced.

Similar	 predictions	 are	 made	 by	 the	
International	 Energy	 Agency	 (IEA)	
which	 is	 the	 official	 energy	 moni-
toring	 authority	 of	 the	 Organisation	

for	 Economic	 Cooperation	 and	
Development	(OECD).

But	oil	will	not	suddenly	run	out.	These	
‘lifetime’	 predictions	 are	 of	 course	 a	
theoretical	concept	as	they	don’t	take	
into	account	how	we	continue	to	use	
more	 oil	 each	 year,	 the	 possible	 new	
reserves	 that	may	 be	 found,	 and	 the	
effect	 that	 inevitable	 price	 increases	
may	have.

Oil	supplies	will	progressively	become	
scarcer	 and	 the	 price	 will	 inexorably	
increase	to	levels	which	will	make	the	
current	 levels	 of	mobility	 too	 expen-
sive	to	maintain.	Arguably,	this	is	hap-
pening	now.

The	 European	 Union	 Energy	 Policy	
encourages	the	reduced	consumption	
of	 oil,	 improved	 environmental	 out-
comes,	 and	 the	 progressive	 substi-
tution	 of	 traditional	 transport	 fuels	
with	alternatives,	including	hydrogen.	
The	 objective	 is	 to	 both	 reduce	 the	
environmental	 damage	 from	 current	
systems,	 and	 to	 increase	 energy	 self	
sufficiency.

The	 CUTE	 project	 has	 demonstrated	
that	 a	 hydrogen	 and	 fuel	 cell	 based	
transport	 system	 offers	 a	 realistic	
promise	of	achieving	these	objectives	
–	at	least	in	a	public	transport	model	
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This	 was	 an	 unexpected	 result	 from	
the	CUTE	project	as,	prior	to	the	com-
mencement,	 the	 ‘weak	 point’	 of	 the	
project	was	expected	 to	be	 the	 vehi-
cles.	Much	of	contemporary	commen-
tary	 refers	 only	 to	 refuelling	 infra-
structure	 being	 an	 issue	 regarding	
the	 amount	 of	 financial	 investment	
needed	 to	 build	 it	 up	 to	 the	 extent	
necessary	to	service	the	transport	sys-
tem.

Some	of	the	CUTE	refuelling	technol-
ogy	 was	 based	 upon	 existing	 ‘con-
ventional’	 gas	 refuelling	 technology	
with	modifications	to	dispense	hydro-
gen	 and	 to	work	 at	 the	 higher	 pres-
sures	required	by	the	buses.	This	was	
apparently	 not	 a	 successful	 strategy	
in	all	cases	and	indicates	the	need	to	
develop	new	and	more	reliable	refuel-
ling	technology,	while	making	current	
technology	more	reliable.	

It	is	hard	to	find	evidence	of	a	broad-
scale	 or	 major	 financial	 or	 technical	
commitment	by	refuelling	technology	
manufacturers	to	develop	their	equip-
ment	 in	 this	way.	This	 is	a	gap	 in	 the	
global	work	programme	that	must	be	
filled	 if	 a	 hydrogen	 based	 transport	
energy	system	is	to	develop.

The Human Side
The	sheer	 scale	of	 the	 transport	 task	
that	 the	 CUTE	 buses	 have	 success-
fully	achieved	demonstrates	that	this	
aspect	 of	 the	 project	 was	 a	 success.	
However	 the	 project	 has	 provided	
some	 excellent	 learnings	 that	 need	
to	 be	 taken	 into	 account	 to	 improve	
future	projects.	

The	 difficulties	 experienced	 by	 some	
cities	 in	obtaining	approvals	for	refu-
elling	stations	and	for	operations,	indi-
cate	that	even	supporters	of	environ-
mentally	 friendly	 transport	 systems	
may	 not	 support	 a	 hydrogen	 based	
system,	despite	its	benefits,	if	they	do	
not	fully	understand	the	facts.	

The	 often	 made	 general	 statement	
that	“the	community	support	and	are	
comfortable	 with	 a	 hydrogen	 based	
transport	 energy	 system”	 can	 hide	
some	 very	 important	 areas	 where	
there	 is	 lack	of	understanding.	These	
key	 opponents,	 or	 simply	 areas	 of	
uncertainty	 and	 caution,	 can	 signifi-
cantly	 impact	 projects.	 Similar	 evi-
dence	 emerged	 from	 the	 STEP	 proj-
ect	 in	 Western	 Australia	 which	 was	
subject	 to	 considerable	 delay	 caused	
by	 both	 community	 opposition,	 and	
regulator	lack	of	knowledge.

Hydrogen production
While	the	project	identified	the	tech-
nical	strength	and	weaknesses	of	the	
hydrogen	production	 technology,	 the	
key	 finding	was	 the	 relative	 efficien-
cies	of	the	various	production	routes.	
The	 energy	 input	 into	 the	 hydrogen	
production	system	is	crucial	 in	deter-
mining	 the	efficiency,	and	 the	extent	
to	 which	 global	 warming	 and	 other	
environmental	criteria	are	improved.
This	 aspect	 of	 the	 CUTE	 project	
emphasizes	yet	again	the	importance	
of	renewable	energy	supplies,	and	the	
need	 to	 develop	 renewable	 electric-
ity	generation	technologies	and	their	
broad	 availability.	 There	 is	 a	 strong	
case	 for	 increasing	 investment	 by	
industry	and	by	Governments	in	these	
areas.

The	 CUTE	 results	 also	 showed	 that	
there	are	significant	opportunities	 to	
improve	 hydrogen	 production	 tech-
nologies	 –	 their	 fundamental	 opera-
tions	 and	 their	 efficiency.	Companies	
are	 already	working	 hard	 to	 improve	
the	 quality	 of	 their	 equipment	 –	 its	
reliability	and	efficiency.

Hydrogen Purity
This	 remains	 a	 major	 constraint	 on	
PEM	 fuel	 cell	 operations.	 The	 CUTE	
results	 demonstrate	 that	 the	 pres-
ence	of	 impurities,	even	at	extremely	
low	 levels	 which	 in	 some	 instanc-

es	 approach	 the	 minimum	 levels	 of	
detection,	can	harm	the	fuel	cell	per-
formance.

While	 fuel	 cell	manufacturers	under-
standably	 would	 like	 the	 hydrogen	
purity	 to	be	 increased,	hydrogen	pro-
viders	and	vehicle	operators	know	that	
this	would	be	a	major	impediment	to	
the	wide	 scale	 introduction	 through-
out	 the	 community	 of	 a	 hydrogen	
fuel	cell	transport	energy	system.	It	is	
difficult	 to	 picture	 a	 refuelling	 “pet-
rol	station	forecourt”	operating	under	
virtual	 laboratory	standards	of	clean-
liness	 in	 order	 to	 ensure	 hydrogen	
purity.

The	CUTE	project	has	highlighted	the	
issue.	 Infrastructure	 companies	 need	
to	address	how	they	can	reliable	pro-
vide	hydrogen	at	a	greater	purity.	On	
the	 other	 side	 fuel	 cell	 manufactur-
ers	 need	 to	 produce	 systems	 that	
are	much	more	 tolerant	 of	 hydrogen	
impurities.	 It	 is	 known	 that	 fuel	 cell	
developers	 are	 working	 hard	 on	 this	
aspect	of	fuel	cell	performance.

The Refuellers
The	 refuelling	 technology	 did	 not	
match	the	performance	of	the	buses.	
A	 part	 of	 the	 time	 when	 the	 buses	
were	not	operating	was	 the	 result	of	
the	refuelling	stations	not	being	able	
to	dispense	hydrogen.	

6. s u m m a r y  a n d  f u t u r e  s t e p s
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It	 is	 important	 that	 CUTE	 experi-
ences	 are	 built	 upon	 and	 the	 exist-
ing	 information	 bases	 are	 enhanced	
with	 information	 sharing	 from	 and	
between	the	multiple	future	projects	
that	 will	 surely	 be	 established.	 It	 is	
only	by	exploiting	these	synergies	will	
the	future	opportunities	be	realized.

Pointers for Governments
Most	 importantly	 the	 CUTE	 proj-
ect	 has	 also	 provided	 key	 informa-
tion	 which	 will	 assist	 and	 perhaps	
lead	 Governments	 in	 developing	 the	
future	 for	 sustainable,	 emission	 free,	
transport	systems.

It	 is	 essential	 that	 the	 technological	
learnings	and	developments	are	used	
to	 influence	public	 policy	 and	 strate-
gies	and	programmes.	 If	projects	 like	
CUTE	 do	 not	 lead	 to	 these	 impacts,	
future	 community	wide	 changes	will	
be	slow,	if	at	all.

Perhaps	 one	 of	 the	 most	 significant	
findings	 to	 emerge	 from	 the	 project	
has	 been	 the	 degree	 to	 which	 the	
most	 senior	 decision	 makers	 within	
the	 broader	 European	 community	
–	 elected	 Members	 of	 Parliaments,	
Government	 officials,	 industry	 and	
community	 leaders	 –	 have	 very	 lim-
ited	or	 even	distorted	understanding	
about	 the	 current	 state	 of	 develop-

ment	 of	 hydrogen	 fuel	 cell	 transport	
energy	systems.	To	a	very	large	degree	
the	 enthusiasm	 and	 positive	 results	
from	this	and	similar	projects	are	not	
getting	 through	 to	 these	 community	
leaders.	And	most	 importantly	 it	will	
be	 these	 leaders	 who	 will,	 to	 a	 very	
large	extend,	be	called	upon	to	decide	
the	 transport	 energy	 systems	 of	 the	
future.	 It	 will	 be	 these	 groups	 that	
make	 key	 decisions	 which	 will	 influ-
ence	 if,	 how	 and	 perhaps	 why	 not,	
hydrogen	and	fuel	cells	will	develop.

Too	 many	 of	 the	 conversations	 and	
information	 exchanges	 are	 ‘between	
the	 converted’	 –	 those	 people	 who	
are	already	aware	and	well	 informed	
about	 the	 possibilities.	 Those	 people	
who	 either	 make	 decisions	 them-
selves,	or	just	as	importantly	are	lead-
ers	 in	 community	 decision	 making,	
are	not	hearing	the	good	news.

This	 information	 gap	 was	 well	 illus-
trated	 by	 the	 events	 in	 various	 cities	
where	groups	who	were	very	support-
ive	 of	 the	 concept	 of	 clean,	 sustain-
able	 transport	 energy	 systems,	 were	
not	supportive	of	 the	project	 in	 their	
neighbourhood.	

It	 is	 clear	 that	 there	 is	 still	 a	 major	
need	for	
•	 	Public	 education	 and	 information	
programmes;

•	 	School	education	programmes;
•	 	Regulator	 and	 support	 person-
nel	 education	 and	 training	 pro-
grammes.

There	 is	 also	 evidence	 that	 there	
remains	 a	 lack	 of	 understanding	
of	 both	 the	 potential	 benefits	 of	 a	
hydrogen	 based	 transport	 energy	
system,	 and	 the	 need	 for	 pro-active	
government,	industry	and	community	
actions	 to	 support	 any	 future	 devel-
opment.

The Project Design
CUTE	has	been	a	major	 international	
cooperative	 effort	 –	 across	 multiple	
Governments,	 across	 different	 levels	
of	Government,	 across	diverse	 indus-
tries,	 organisations	 and	 communi-
ties.	More	than	25	major	partners	and	
many	 more	 secondary	 and	 tertiary	
partners	were	involved.

The	 organisational	 complexity	 and	
the	 amount	 of	 effort	 necessary	 to	
design,	 implement	and	manage	such	
a	 project	 is	 immense	 and	 is	 difficult	
to	under	 state.	Even	 the	 time-frames	
to	 consult	 the	 multiple	 partners,	 let	
alone	 get	 agreement	 on	 issues,	 is	
enormous.	

It	 is	 important	 that	 future	 projects	
of	this	type	are	scoped	and	resourced	
to	 commit	 adequate	 time	 and	 ener-
gy	 and	 human	 skills	 to	 the	 project	
design,	 operations	 and	 maintenance	
aspects.	Without	 this	 the	 success	 of	
the	 project	 is	 jeopardized	 from	 the	
outset.

The	CUTE	project	has	also	highlighted	
the	need	to	give	priority	to	developing	
evaluation	arrangements,	and	design-
ing	operations	with	evaluation	meth-
odologies	 in	 mind.	 This	 will	 ensure	
that	 appropriate	 data	 are	 collected	
reliably.

Another	 key	 learning	 from	 CUTE	 has	
been	 the	 need	 to	 develop	 and	maxi-
mize	 the	 synergies	 between	 similar	
projects.	The	CUTE	project	has	broken	
new	 ground	 in	 hydrogen,	 in	 Europe	
and	internationally.	But	there	are	now	
new	 projects	 being	 developed	 and	
there	are	many	opportunities	to	share	
knowledge	 between	 European	 proj-
ects	and	between	Europe	and	the	rest	
of	the	world.	

The	 CUTE	 project	 has	 developed	
excellent	 information	 and	 education	
resources,	 outstanding	 local,	 nation-
al	 and	 international	 networks,	 and	
a	 global	 reputation	 as	 the	 leading	
hydrogen	fuel	cell	project.	These	activ-
ities	will	now	be	used	as	the	founda-
tion	for	many	future	projects.

6. s u m m a r y  a n d  f u t u r e  s t e p s
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Future Steps

The	 CUTE	 project	 has	 demonstrated	
the	distance	 that	has	 still	 to	be	 trav-
eled	 to	 reach	 these	 objectives.	 For	
example,	 it	 would	 seen	 that	 com-
mercialization	of	this	technology	still	
require	significant	improvements	in:	
•	 	Fuel	Cell	costs
•	 	durability	of	the	fuel	cells
•	 	power	density	and
•	 	high	 voltage	 components	 like	
inverters,	electric	engines	etc.

CUTE	has	also	demonstrated	a	similar	
need	for,	and	opportunities	 to,	devel-
op	the	entire	support	structures	for	a	
hydrogen	 fuel	 cell	 transport	 energy	
system.	 As	 has	 been	 outlined	 above,	
the	evidence	is	that	the	various	stake-
holders	are	actively	engaged	in	work-
ing	 hard	 to	 develop	 these	 improve-
ments.

The	European	Commission	has	funded	
the	HyFleet:CUTE	project	which	builds	
on	the	CUTE	project,	as	well	as	devel-
oping	many	of	its	own	initiatives.	
•	 	HyFleet:CUTE	will	enable	 the	exist-
ing	 fuel	 cell	 buses	 to	 be	 worked	
harder	and	longer	to

•	 	•	 	test	 the	 limits	 of	 the	 fuel	 cell	
stack	durability

•	 	•	 	test	the	refuelling	chain	technol-
ogy	further

•	 	a	prototype	of	 the	next	generation	
fuel	 cell	 bus	 will	 be	 designed	 and	
tested	 to	 build	 on	 the	 learnings	
from	 the	 current	model	 buses.	The	
targets	 for	 this	bus	 include	 signifi-
cant	 weight	 and	 noise	 reduction,	
fuel	 efficiency	 increase	 and	 many	
other	improvements.

•	 	HyFleet:CUTE	 will	 considerably	
increase	 the	 education	 and	 infor-
mation	 aspects	 of	 the	 CUTE	 work	
with	 pro-active	 information	 dis-
semination	 to	 the	 community	 and	
to	decision	makers.

6.2
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And	 when	 this	 information	 is	 being	
discussed	 with	 these	 leaders,	 the	
breadth	of	the	decisions	that	they	will	
have	 to	 face	 and	 the	 very	 long	 time	
line	 to	 put	 any	 changes	 into	 action	
will	need	to	be	a	very	important	part	
of	that	discussion.

If	 hydrogen	 fuel	 cell	 powered	 trans-
port	 energy	 systems	 are	 to	 become	
an	 every	 day	 part	 of	 our	 commu-
nities,	 then	 Governments,	 industries	
and	communities	will	need	 to	exam-
ine	 and	 probably	 change	 dramatical-
ly	 systems	 as	 diverse	 as	 training	 for	
town	planners,	architects	and	vehicle	
technicians.	 Our	 citizens	 and	 their	
leaders	will	 need	 to	understand	 that	
hydrogen,	properly	handled	and	man-
aged,	 has	 no	 greater	 safety	 implica-
tions	than	other	transport	fuels	–	just	
different.

And	 these	 changes	 will	 take	 a	 long	
time	 to	 put	 into	 action.	 For	 example	
it	 will	 likely	 take	 three	 of	 four	 years	
to	 revise	 the	 training	programme	 for	
vehicle	mechanics,	one	or	two	years	to	
train	 the	 teaching	 staff,	 and	 another	
3	 years	 for	 the	 first	mechanics	 to	 be	
trained	in	the	new	systems.	So	a	time	
lag	 of	 perhaps	 a	 decade	 might	 be	
expected	 even	 after	 the	 decision	 is	
taken	to	change	the	training	system.

And	 we	 are	 currently	 talking	 about	
hydrogen	 fuel	 cell	 technology	 per-
haps	being	introduced	quite	widely	in	
our	communities	within	ten	years.

Future	projects	must	actively	engage	
with	 the	 policy	 and	 decision	 makers	
to	 ensure	 that	 they	 are	 well	 aware	
of	 the	 current	 ‘state	 of	 the	 art’	 in	
hydrogen	fuel	cell	powered	transport	
energy	 systems.	 The	 projects	 must	
work	 with	 these	 leaders	 to	 ensure	
that	 their	 decisions	 are	made	 in	 the	
light	of	accurate	knowledge.
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