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Responding to the environmental agenda
άtǳōƭƛŎ ŎƻƴŎŜǊƴ ŀōƻǳǘ ƛǎǎǳŜǎ ǎǳŎƘ ŀǎ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ŀƴŘ ǘƘŜ ƛƳǇŀŎǘ ƻŦ 
business on society has never been more intense than it is today. Accordingly, 
ǎǳǎǘŀƛƴŀōƛƭƛǘȅ Ƙŀǎ ƴƻǿ ǊƛǎŜƴ ǘƻ ǘƘŜ ǾŜǊȅ ǘƻǇ ƻŦ ǘƘŜ ŎƻǊǇƻǊŀǘŜ ŀƎŜƴŘŀΦέ

Arthur D Little Global

Greenhouse Gas Emissions



Responding to the environmental agenda

Diesel engine emissions

Dramatic reduction of diesel road vehicle 
emissions since 1992, now Euro 6

Lower emission standard for rail vehicles ς
but for now long?

Bi-mode concerns at the diesel end of the line

Nitric oxides NOX (g/kWh)
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12th February 2018

άLwould like to seeus take all diesel-only trains off the track by 2040. If that
seemsanambitiousgoal,it shouldbe andI makeno apologyfor that. After all,
ǿŜΩǊŜcommitted to endingsalesof petrol and dieselcarsby 2040. If we can
achievethat, then whyŎŀƴΩǘthe railwayaspireto a similarƻōƧŜŎǘƛǾŜΚέ

ά!ǎbattery technologies improve we expect to see the diesel engines in
bi-modes replacedaltogether with batteries powering the train between the
electrifiedsectionsof the network.

Or maybe in the future we could see those batteries and diesel engines replaced 
with hydrogen unit?

Alternative-ŦǳŜƭ ǘǊŀƛƴǎ ǇƻǿŜǊŜŘ ŜƴǘƛǊŜƭȅ ōȅ ƘȅŘǊƻƎŜƴ ŀǊŜ ŀ ǇǊƛȊŜ ƻƴ ǘƘŜ ƘƻǊƛȊƻƴΦέ



Can diesel engines by replaced by Hydrogen?

Answering this question needs an understanding of 
ÅHydrogen
Å Its production
Å Its supply
ÅHow it can power a train
ÅHow hydrogen and its traction equipment can be 

fitted to a train
Å The range and performance of hydrogen powered 

trains



Understanding Hydrogen ςwhat do we know?

Lighter than air and 
an inflammable gas

Is it safe?
Å Not in an airship with 7 million 

cubic feet stored in cotton gas bags
Å In vehicles, likely to be safer than 

liquid fuel 



Understanding Hydrogen

ÅLightest element of the 
periodic table

ÅHighly inflammable
ÅDiscovered by Henry Cavendish in 1766 who called it 
άƛƴŦƭŀƳƳŀōƭŜ ŀƛǊέΦ IŜ ŘƛǎŎƻǾŜǊŜŘ ǘƘŀǘ ƛǘ ŦƻǊƳŜŘ ǿŀǘŜǊ ƻƴ 
combustion

ÅFrench chemist Antoine-Laurent de Lavoisier named the 
Ǝŀǎ ŀǎ ƘȅŘǊƻƎŜƴ ǿƘƛŎƘ ƛǎ DǊŜŜƪ ŦƻǊ άǿŀǘŜǊ-ŦƻǊƳŜǊέ

ÅSo chemically active that it does not naturally exist
ÅAvailable from water (H2O) or organic compounds
ÅMost abundant chemical substance in the Universe



Understanding Hydrogen

Substance By volume (MJ/L) By weight (MJ/kg)

Uranium 1,500,000 80,620,000

Diesel 35.8 48.0

Petrol 34.2 46.4

LPG 26 46.4

Hydrogen (at 350 bar) 4.6 71

Lithium-ion battery 2.6 0.9

Lead-acid battery 0.6 0.2

Low volumetric energy density compared with diesel

The space available to carry fuel on self powered trains is a 
significant constraint, especially within the UK loading gauge 



Producing Hydrogen

Currently about 50 millions tonnes of hydrogen produced 
annually mainly for ammonia production or petroleum refining 
by two main methods:

Steam reforming - extracts 
hydrogen from organic 
feedstock, usually Methane

Electrolysis -DC current 
splits water molecules into 
Hydrogen and Oxygen

CH4+2H 2O=CO2+4H 2 2H2O=O2+2H 2

Hydrogen

Water

Oxygen



Producing Hydrogen

Method Percentage 
Production

Cost 
(£ per kg H2)

Steam reforming 96% 2.6

Electrolysis (1) 4% 3.8 (2)

3) If electrolysis powered by renewable energy

1) For small scale production, electrolysis is a more practical option
2) Based on typical electricity cost, less if off-peak energy used

Emissions C02 
(grams per MJ)

Pollutants

Hydrogen - reforming 57 None ςexhaust is 
waterHydrogen - electrolysis 0 (3)

Diesel 74 N0X, particulates etc



Producing Hydrogen ςWind power developments

ÅHuge investment in off-shore turbines and 
specialist ships for maintenance and installation
Å154-metre turbines 7MW now being installed up 

to 100 km from the shore
ÅOne control room for 7,500 Siemens turbines 

worldwide. 
ÅWith remote condition monitoring, very few visits 

to turbines, are required

ÅWind is now the cheapest form of utility-scale power generation
ÅIn past six years, costs reduced from £200 to £52 MW/hr
ÅA trend that is likely to continue



Supplying Hydrogen
Å An Austrian study considers that by 2030 use of hydrogen for transportation will be 

double that required for normal industrial use.
Å Transportation demand assessed as Rail ς70%; Bus ς20% and Private Vehicles ς10%
Å Most hydrogen needed for industrial use is transported by pipeline. Hence its increasing 

use as transport fuel requires a disproportionate increase in land transportation
Å Study is considering most economic and practicable methods of transporting hydrogen 

by rail including Liquid Organic Hydrogen Carrier (LOHC) in which hydrogen is bonded to 
a liquid carrier and transported at 50 bar pressure

Large scale use of hydrogen for road and rail vehicles requires significant investment 
in appropriate facilities for its transportation 

Small scale use requires resilient supply arrangements 



Supplying Hydrogen ςon site production

Or produce on site
15 MW plant supplying 30 trains or 300 buses 

3 x 5 MW electrolysis modules
producing 6.7 tonnes a day

Feed pumps
30 bar 

6 x compressors
ол Ҧ олл ōŀǊ

Hydrogen storage
3000 kg at 300 bar

10 x boost compressors
олл Ҧ прл ōŀǊ

Buffer storage
150 kg at 450 bar

Dispensers
350 bar



Using Hydrogen ςFuel Cells

Å Fuel cells are the reverse of electrolysis
Å Invented in 1838
Å First commercial use by NASA
Å Typically 52% efficient, compared with 

35% for a diesel engine
ÅSignificant advances in recent years, 

fourfold increase in volumetric power 
density in ten years up to 2011

2001 2003 2009 2011

Power (kW) 25 20 16.5 33

Mass (kg)
Power density (W/kg)

290
86

170
117

92
180

75
440

Volume (L)
Power density (L/kg)

365
68

180
111

133
124

125
264

Efficiency % 38 - 45 40 ς54 48 - 54 48 ς55

Components 25 8 6 6



Using Hydrogen ςwell-to-wheel efficiency comparisons

Diesel
3.7 kW

Wheel
1.0 kW

38% 78%Efficiency
Overall

27%

Final 
Drive

94%

Engine 

Transmission

Diesel

Wheel
1.0 kW

98% 95%Efficiency
Overall

83%89%

Transformer

Electrification from renewable energy

Electricity 
from grid
1.2 kW

OLE 
Transmission

Converter 
and Drive

Electrolysis 

Electricity 
from grid
3.4 kW Fuel Cell 

Wheel
1.0 kW

68% 94% 52%Efficiency
Overall
29%

Hydrogen - on site production from renewable energy

Converter 
and Drive

89%

Compress
to 350 bar 



Using Hydrogen - efficiency

IȅŘǊƻƎŜƴ ƻŦŦŜǊǎ ŀƴ άŜƭŜŎǘǊƛŦƛŜŘέ Ǌŀƛƭǿŀȅ ǘƘŀǘ ƛǎ ƻƴƭȅ ор҈ ŀǎ ŜŦŦƛŎƛŜƴǘ ǘƘŀƴ ƻƴŜ ǿƛǘƘ 
wires with some time between consuming electricity and using it. It:

Å is an energy vector i.e. can be produced from an energy source, stored, 
transported and converted to another form of energy

Å has a predictable cost which is the capital, operational and maintenance 
cost of the kit required

Å offers fuel self-sufficiency
Å provides the large scale energy storage which is essential for efficient use of 

renewable energy
Å can be produced from otherwise surplus overnight wind power which is 

likely to become even cheaper

Electrolysis 

Electricity 
from grid
3.4 kW Fuel Cell 

Wheel
1.0 kW

68% 94% 52%Efficiency
Overall
29%

Hydrogen - on site production from renewable energy

Converter 
and Drive

89%

Compress
to 350 bar 



Using Hydrogen Example Energy Vector 

Wind turbine and tidal turbines on Eday 
provide overnight shore supply for ferries 
at Kirkwall via
Å 0.5MW electrolysis plant and 

hydrogen storage on Eday
Å Hydrogen shipped to Kirkwall
Å Hydrogen storage and 75 kW fuel cell 

at Kirkwall



Hydrogen ςon the roads

California - 49

US NE - 12 Japan -92

Germany - 30

Main centreswith Hydrogen refuelling stations - 2017

5,000 
hydrogen 
cars in 2017, 
18,000 by 
2020

3,000 
hydrogen 
cars in 2017, 
40,000 by 
2020

European Hydrogen Bus Fleets 

Belgium 8 Netherlands 18

France 5 Norway 5

Germany 17 Switzerland 5

Italy 18 UK 20

Total 91

Hydrogen vehicles sold in 
last six years



Hydrogen ςon the roads

9ǳǊƻǇŜΩǎ Ƨƻƛƴǘ ƭŀǊƎŜǎǘ ōǳǎ ŦƭŜŜǘ ƛƴ !ōŜǊŘŜŜƴ



Hydrogen ςon the roads

Hydrogen with blue 
lights and sirens



Hydrogen Council

ÅLaunched at Davos in January 2017,
Å Initially 13 transport and energy 

companies who plan to invest 10 
billion euros in hydrogen 
technologies over next five years.

ÅMembership is now 40 companies



Hydrogen ςon the rails

2006, Japan
²ƻǊƭŘΩǎ ŦƛǊǎǘ IȅŘǊƻƎŜƴ ǘǊŀƛƴ
2 x 95 kW fuel cells

2010, Los Angeles, USA
130-ton diesel shunter 
240 kW fuel cell

2005 First annual international 
Hydrail conference held in 
North Carolina, largely an 
academic affair 

2017 Hydrail conference in Graz, 
most speakers from 
hydrogen businesses



Hydrogen ςon the rails

2011, Spain
Metre-gauge tram
2 x 12 kW fuel cells

2012, South Africa
Mine locomotive
17 kW fuel cell

2013, China
45 tonne locomotive
150 kW fuel cell

2015, China
Tram
200 kW fuel cell



Hydrogen ςon the rails

¦ƴƛǾŜǊǎƛǘȅ ƻŦ .ƛǊƳƛƴƎƘŀƳΩǎ IȅŘǊƻƎŜƴ ƭƻŎƻƳƻǘƛǾŜ ǇƻǿŜǊŜŘ ōȅ ŀ 
мƪ² ŦǳŜƭ ŎŜƭƭ ŀǘ ǘƘŜ LaŜŎƘ9Ωǎ wŀƛƭǿŀȅ /ƘŀƭƭŜƴƎŜ ƻƴ ǘƘŜ {ǘŀǇƭŜŦƻǊŘ 
10 ¼ inch miniature railway 1st July 2012

2012 ςA UK first



Hydrogen ςon the rails



Hydrogen ς!ƭǎǘƻƳΩǎ ƛ[ƛƴǘ
2014 !ƭǎǘƻƳ ǎƛƎƴǎ [ŜǘǘŜǊ ƻŦ LƴǘŜƴǘ ǿƛǘƘ DŜǊƳŀƴȅΩǎ [ƻǿŜǊ {ŀȄƻƴȅΣ bƻǊǘƘ wƘƛƴŜ-

Westphalia, Baden-Württemberg states to develop a hydrogen fuel cell train

2015 !ƭǎǘƻƳ ǎƛƎƴǎ ϵрл Ƴƛƭƭƛƻƴ ŎƻƴǘǊŀŎǘ ǿƛǘƘ /ŀƴŀŘƛŀƴ ŦǳŜƭ ŎŜƭƭ ƳŀƴǳŦŀŎǘǳǊŜǊ 
Hydrogenics for supply of 200 fuel cells over 10 years

2016 Production of two prototypes

2017 March - First 80 km/hr test run, approval to carry passengers

2017 November -ϵум Ƴƛƭƭƛƻƴ ŎƻƴǘǊŀŎǘ ǎƛƎƴŜŘ ǘƻ ǎǳǇǇƭȅ мп ƛ[ƛƴǘǎ ǘƻ [ƻǿŜǊ {ŀȄƻƴȅ 
by 2021. Letters of Intent with 3 more northern German states for 44 trains

2018 Two prototype iLint trains to enter service in Lower Saxony 

[ƻǿŜǊ {ŀȄƻƴȅ ƎŜƴŜǊŀǘŜǎ ŀ ǉǳŀǊǘŜǊ ƻŦ DŜǊƳŀƴȅΩǎ ǿƛƴŘ ǇƻǿŜǊ ŀƴŘ Ƙŀǎ ŀƴ ƛƴǎǘŀƭƭŜŘ 
wind power capacity of 7,800 MW. It plans to increase this to 20,000 MW by 2050



Hydrogen ς!ƭǎǘƻƳΩǎ ƛ[ƛƴǘ

ÅFirst Lower Saxony service to be 
Buxtehude- Bremerhaven-
Cuxhaven 

Å240 km with 44 stations and many 
gradients

ÅHydrogen consumption calculated 
to be 0.23 kg/km or 7.7 kWh/km

Å¢Ƙƛǎ ŎƻƳǇŀǊŜǎ ǿƛǘƘ ŀ 5a¦Ωǎ 
estimated 10.8 kWh/km 

ÅA 29% saving due to regenerative 
braking

ÅEach unit covers 600 km/day 
consuming 138 kg hydrogen

Å2,000 kg /day for 14 units

LindeGroupwill provide the ǿƻǊƭŘΩǎfirst train hydrogenfilling station at
Bremervördedepot at a costofϵ10 million to be operatedby Alstomwho
will providea tankedandmaintainedtrain.

German states committed to the iLint



Hydrogen ς!ƭǎǘƻƳΩǎ ƛ[ƛƴǘ

Å.ŀǎŜŘ ƻƴ !ƭǎǘƻƳΩǎ млл-tonne two-car Coradia Lint 54 which has a 390 kW 
underframe-mounted diesel engine driving powered axles by a cardan shaft

Åƛ[ƛƴǘ Ƙŀǎ ŀ ǘǊŀŎǘƛƻƴ ƳƻǘƻǊ ƛƴǎǘŜŀŘ ƻŦ ǘƘŜ [ƛƴǘ рпΩǎ ŘƛŜǎŜƭ ŜƴƎƛƴŜ
ÅMaximum speed of 140 km/hr, weighs 107 tonnes (7 tonnes more than Lint 54)
ÅHybrid unit, each coach has a 200 kW fuel cell that charges a 225 kW battery to 

give a peak power output of 425 kW per coach ςpeak 7.9 kW / tonne power to 
weigh ratio (25% more than a class 170)

ÅBattery capacity of 350 kWh provides sufficient peak power for long gradients  
ÅOn routes with frequent stops, energy savings from regenerative braking of 

around 30%
ÅRoof tanks on each coach hold 89 kg Hydrogen at 350 bar giving a range of 

between 600 and 800 km. Refuelled in 15 minutes.


