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Responding to the environmental agenda
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business on society has never been more intense than it is today. Accordingly
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Arthur D Little Global

Greenhouse Gas Emissions

Policy paper

Greenhouse Gas Emissions

We're moving the UK to a more efficient, low-carbon
economy to meet our legally binding climate change targets.

Published t April 2016
From: Department of Enecgy & Climate Change

Climate Change Act 2008

Policy paper

CHAPTER 27 i
25 Year Environment Plan
CONTENTS
'A Green Future: Our 25 Year Plan to Improve the
PART 1 Environment’, sets out what we will do to improve the

, environment, within a generation.
CARBON TARGET AND BUDGETING

The target for 2050
Published 11 January 2018
Last updated 1 February 2018 — see all updates

2 Amendment of 2050 target or baseline year : .
- . S g : Departme: ment. Rural nd The chael Gov:
3 Consultation on order amending 2050 target or baseline year :sm 2 ntfo Enrenment. Tood & Bural o s+ o Tne Revion Micnae. Gove

1 The target for 2050




Responding to the environmental agenda
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Diesel engine emissions o st o8
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BFrmode concerns at the diesel end of the line
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'Hull is being taken for a ride when it comes to  This is why Bristol commuters will be breathing in
cleaner train travel' dirty air long after diesel trains are banned




All diesel trains should be scrapped
by 2040, Jo Johnson tells rail bosses

Speech

Let’s raise our ambitions for a cleaner,
greener railway

12t February 2018

Minister calls for diesel-only trains to be phased out as part
of new vision to decarbonise the railway.

‘ .» L

& Wwould like to seeustake all diesetonly trains off the track by 2040 If that
seemsan ambitiousgoal,it shouldbe and | makeno apologyfor that. After all,

g S QoBmitted to endingsalesof petrol and dieselcarsby 2040 If we can
achievethat, thenwhy O I yh@riilwayaspireto asimilar2 6 2 SO0 A FS K ¢

a ! Battery technologiesimprove we expect to see the diesel enginesin
bi-modes replacedaltogether with batteries powering the train between the
electrified sectionsof the network.

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

Answering this question needs an understanding of

Hydrogen

ts production

ts supply

How It can power a train

How hydrogen and its traction equipment can be
fitted to a train

A The range and performance of hydrogen powere
trains
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Understanding Hydrogeiq what do we know?

Is It safe?

A Not in an airship with 7 million
cubic feet stored in cotton gas bag

A In vehicles, likely to be safer than
liquid fuel




Understanding Hydrogen

Periodic Table of Elements
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A Highly inflammable

A Discovered by Henry Cavendish in 1766 who called it
GAYFELFYYIOfS FTANEDP | S RAAOZ
combustion

A French chemist Antoinrkaurent de Lavoisier named the
34 a4 KEeRNRISY ¢ REFROB SNE DN

A So chemically active that it does not naturally exist

A Available from water (kD) or organic compounds

A Most abundant chemical substance in the Universe



Understanding Hydrogen

Low volumetric energy density compared with diesel

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
Leadacid battery 0.6 0.2

The space avalilable 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 ElectrolysisDC current
hydrogen from organic splits water molecules into
feedstock, usually Methang | Hydrogen and Oxygen

__%— Hydrogen
' ~}— Water

CH,+2H,0=CO,+4H, 2H,0=0,+2H,

Oxygen—

+l_
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Producing Hydrogen

Method Percentage Cost
Production (£ per kg H)
Steam reforming 96% 2.6

Electrolysis (1) 1% 3.8 (2)

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

Emissions C02 Pollutants
(grams per MJ

Hydrogen reforming 57 Nonecg exhaust is
Hydrogen electrolysis 0 (3) water
Diesel 74 NOy, particulates etc

3) If electrolysis powered by renewable energy



Producing Hydrogeig Wind power developments

AHuge investment in ofhore turbines and
specialist ships for maintenance and installatiol

A154-metre turbines 7MW now being installed uy
to 100 km from the shore

AOne control room for 7,500 Siemens turbines
worldwide.

AWith remote condition monitoring, very few visit
to turbines, are required

A Wind is now the cheapest form of utiligcale power generation
A In past six years, costs reduced from £200 to £52 MW/hr
A A trend that is likely to continue



Supplying Hydrogen

A An Austrian study considers that by 2030 use of hydrogen for transportation will be
double that required for normal industrial use.

A Transportation demand assessed as R@D%; Bug 20% and Private Vehicles10%

A Most hydrogen needed for industrial use is transported by pipeline. Hence its increa
use as transport fuel requires a disproportionate increase in land transportation

A Study is considering most economic and practicable methods of transporting hydrog
by rail including Liquid Organic Hydrogen Carrier (LOHC) in which hydrogen is bond
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 Hydrogeiq on site production

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

10 x boost compressofs Hydrogen storage
onn T npnan Bl NJ 3000 kg at 300 bgr
Buffer storage 6 X compressorg
150 kg at 450 bar on [b on
s 2
. 3 @'c.w .
S P ,;,‘,‘ J
C w
Feed pump
30 bar
Dispenser
350 bar 3 x5 MW electrolysis modulgs

producing 6.7 tonnes a day




Using Hydrogerg Fuel Cells

A Fuel cells are the reverse of electrolysis

A Invented in 1838

A First commercial use by NASA

A Typically 52% efficient, compared with
35% for a diesel engine

A Significant advances in recent years,
fourfold increase in volumetric power
density in ten years up to 2011

.\.
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FUEL CELL SCHEMATIC
_ 2001 | 2003 | 2009 | 2011 tEL‘ifz'rii |
Power (kW) 16.5 T tl =
— [ =

Mass (kg) 290 170 92 75 fydogen| gl (g AT
Power density (W/kg) 86 117 180 440 szi i A
Volume (L) 365 180 133 125 H* z‘?z
Power density (L/kg) 68 111 124 264 H;i;jg;l o Eartgz &
Efficiency % 38-45 40¢54 48-54 48¢55 <= s
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Components 25 8 6 6 Anode ¢ ot Cathode



Using Hydrogerg well-to-wheel efficiency comparisons

Hydrogen- on site production from renewable energy

Electric?ty et * Compress Converter 5 Wheel
from grid i _ to 350 bar ' PPl and Drive 1.0 kW
3.4 kW Electrolysis Fuel Cell Overall
Efficiency 68% 94% 52% 89% 29%
Diesel
Diesel e . Final Wheel
37kwW @ —> Transmissionf—>t Drive —> 1.0 kW
Engine Overall
Efficiency 38% 718% 94% 21%
Electrification from renewable energy
Electricity Converter Wheel
. OLE > !
from grid = . e mission Transformer == .4 Drive 1.0 kW
1.2 KW |
Overall
Efficiency 98% 95% 89% 83%




Using Hydrogen efficiency

Hydrogen- on site production from renewable energy

W FUEL CELL SCHEMATI

Converter 5 Wheel
and Drive 1.0 kW
Overall

Electricity o] L Compress

from grid A n{ to 350 bar
3.4 kKW Electrolysis

Efficiency 68% 94%

52% 89% 29%

| @RN23ISY 2FFSNAE |y
wires with some time between consuming

St SOUNRTASRE NI
electricity and using it. It:

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

cost of the kit required
offers fuel seHsufficiency

renewable energy

p ST S S

likely to become even cheaper

has a predictable cost which is the capital, operational and maintenance

provides the large scale energy storage which is essential for efficient use

can be produced from otherwise surplus overnight wind power which is



Using Hydrogen

Example Energy Vector

Wind turbine and tidal turbines on Eday

provide overnight shore supply for ferries

at Kirkwall via

A 0.5MW electrolysis plant and
hydrogen storage on Eday

A Hydrogen shipped to Kirkwall

A Hydrogen storage and 75 kW fuel cell
at Kirkwall

snapinsey. ORKNEY
- ISLANDS




Hydrogenc on the roads
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5,000 f e o
hydrogen Callfornla 49
cars in 2017,/ G
18,000 by
2020 A ¢

-

European Hydrogen Bus Fleets

Belgium 8 Netherlands 18
France 5 Norway )
Germany 17 Switzerland 5
ltaly 18 UK 20
Total 91

California

48%

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

Hydrogen vehicles sold in
last six years




Hydrogenc on the roads
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Hydrogenc on the roads

Mirai helps Met Police clean up
London

MARCH 13,2018

The Metropolitan Police Service is set to team up with the Toyota Mirai to help create

the world’s largest fleet of zero-emission hydrogen fuel cell electric police vehicles. Hyd roge N Wlth b I ue
The first of 11 cars have been delivered to the Met with support from the FCHJU* | Ig htS and SI rens

grants programme and are equipped to work as both marked and unmarked vehi-
cles for overt and covert response, as well as general purpose use.

The only tailpipe emission they produce is water - a by-product of the fuel cell pro-
cess, turning hydrogen into electricity to power the vehicle. Their zero-emission per-
formance will help the Met in its efforts to support the Mayor of London’s clean air
strategy.



Hydrogen Councill

A Launched at Davos in January 20 .

A Initially 13 transport and energy .
companies who plan to invest 10 [EEEEEESERPS
billion euros in hydrogen
technologies over next five years. .

A Membership is now 40 companies & 5

, BMW '
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Hydrogen Council



Hydrogenc on the rails

HYDRAIL IS TO DIESEL

HYDRAIL ¢ %

ZOOG,Japan
2 2 NI RQa FANAI
2 X 95 kW fuel cells

AS DIESEL WAS TO STEAM

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

2017 Hydrail conference in Graz,

most speakers from :
hydrogen businesses 130-ton diesel shunter

240 kW fuel cell




Hydrogencg on the rails

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

2013, China
45 tonne locomotive
150 kW fuel cell

o
2012 South Afrlca
Mine locomotive

17 kW fuel cell

2015, China
Tram
200 kW fuel cell




Hydrogenc on the rails

2012Cc A UK‘ first

' VAOGSNBAGOE 2F . ANXVAY3IKFIYQA | &R
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10 ¥4 inch miniature railway'Duly 2012




Hydrogenc on the rails

First prototype of Coradia iLint was unveiled to the public
at InnoTrans in Berlin in September 2016

o L

ALSTOM
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2014 ' f ad2Y aArdya [SIUTGSNI 2F LYyOUSyd-gacl
Westphalia, BadefVirttemberg states to develop a hydrogen fuel cell trair

2015 ' f A02Y aAr3dya epn YAtTtA2Yy O2yidNI Ol
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 Novembere ym YAf ft A2y O2yaGNI OO0 aA3aySR
by 2021. Letters of Intent with 3 more northern German states for 44 train

2018 Two prototype iLint trains to enter service in Lower Saxony
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wind power capacity of 7@MW It plansto-increase this to 20,000 MW by 20
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A First Lower Saxony service to be| - tower saxony.

14 Trains, first 2 trains

Buxtehude Bremerhaven Dagriing of =10k
Cuxhaven

A 240 km with 44 stations and man
gradients Westphala:

14 Trains up 10 the

A Hydrogen consumption calculate end of 2020
to be 0.23 kg/km or 7.7 kWh/km
ACKAA OZ2YLIE NBA& 4 | hessen

|
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estimated 10.8 kWh/km iy ey
A A 29% saving due to regenerativi
braking
A Each unit covers 600 km/day e,
consuming 138 kg hydrogen (S P D T
A 2,000 kg /day for 14 units German states committed to the iLint

Linde Group will provide the ¢ 2 NJfifst @&din hydrogenfilling station at
Bremervordedepot at a costof €10 million to be operatedby Alstomwho
will providea tankedand maintainedtrain.



Hydrogenc! f a0 2YQa A[ Ay

A.laAaSR 2y udnieivwdyatCoradiarLimt 54 which has a 390 kW
underframemounted diesel engine driving powered axles by a cardan shaft

AA[AYG KFa | GNIXOUAZ2Y Y2U2NJ AyaiaS!Il F

A Maximum speed of 140 km/hr, weighs 107 tonnes (7 tonnes more than Lint !

A Hybrid unit, each coach has a 200 kW fuel cell that charges a 225 kW batter
give a peak power output of 425 kW per coagbeak 7.9 kW / tonne power to
weigh ratio (25% more than a class 170)

A Battery capacity of 350 kwWh provides sufficient peak power for long gradient

A On routes with frequent stops, energy savings from regenerative braking of
around 30%

A Roof tanks on each coach hold 89 kg Hydrogen at 350 bar giving a range of
between 600 and 800 km. Refuelled in 15 minutes.



