—~

Q) ITM POVWER

Energy Storage | Clean Fuel

HYDROGEN PRODUCTION FROM ELECTROLYSIS:
ITS POTENTIAL AND COSTS

Decarbonising Trucks, Trains, Boats and Planes
REA

3 December 2019

Marcus Newborough

O




HYDROGEN PRODUCTION FROM ELECTROLYSIS G) ITM POWER

Energy Storage | Clean Fuel

® \\‘

o <2

Presentation Contents

- Green hydrogen for a zero-carbon energy system
- Hydrogen properties

- Economic trends

- FCEV and HRS

- Future Trends

rustcee Y




—~—

PLANET EARTH Q‘) ITM POWER

Energy Storage | Clean Fuel

60000 .
— i

Energy consumption TWh/y

e (1]

40000

30000

Population (billions)

O~ NWhMUUOoONOXOO

20000

10000

b K
Source: U.S. Census Bureau, International Data Base, June 2011 Update. 2005



—
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EU-28 : Energy Consumed as Molecules and Electrons (14,200 TWh)

m Primary energy consumption excluding fuel use for electricity generation (Molecules)

ici i S data: DG ENER, June 2017
m Electricity consumption (Electrons) QLIS et une

* Electrolysers convert electrons to molecules

* Electricity cannot be stored; renewable hydrogen can be stored and in vast amounts

Sector Coupling
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Worldwide H, Flow Allocation with Minimized Overall Costs (75% Scenario)

Go)
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Export countries

I Import countries

- H, flow in Mt/a P - from Patagonia |
Germany Japan EU USA Canada China South Korea

Demand in Mt/a (75% Scenario) 3.14 205 1758 3061 255 12.22 115

Import LCOH in €/kg (%) 4.66 4.81 4.67 4.34 4.66 4.71 4.77

(*) Import LCOH incl. shipping costs ‘ ’ J U Ll CH

Member of the Helmholitz Association IEK-3: Institute of Electrochemical Process Engineering 45 Forschungszentrum
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* Very low density (1 kg H, at NTP occupies ~ 11.1 m3)

* Flammability limits: 4-75% by volume in air

* Detonation limits: 18-59% by volume in air

* Very low minimum ignition energy in air (0.019 mJ, ~ 20% of methane, petrol etc)
* Hydrogen/air flame almost invisible and low emissivity (€ <0.1, methane € ~ 0.25)
* High octane number (140 RON)

* Very high flame speed (~ 8 times methane)

* High flame temperature (2254°C, ~ 300°C higher than methane)

* Hydrogen combustion produces NOx

Hydrogen as a fuel, feedstock and decarbonising agent



—

ECONOMIC TRENDS Q‘) ITM POWER

Energy Storage | Clean Fuel

-
N
o

s
—2025 :

100 —2030! * Increasing renewables
—2035 - : ,
—2040. * Average electricity price decreasing

* Greater availability of low price electricity
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* Under-utilised electricity grid
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* Closure of coal power plants
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* Decreasing use of natural gas for power generation
* Non-synchronous generation (wind and solar) increasing
* Synchronous generation (heat engines) decreasing

* Increasing temporal mismatch between electricity supply and demand

- increasing need for grid balancing on all timescales (s, h, weeks, seasonal) Vo S .'.:E;"i}" -

Using the electricity grid to produce hydrogen
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=  Proton Exchange Membrane technology

= Differential pressure operation (O, close to ambient)
= No tie-rods | Rapid assembly | Rapid exchange

=  2MW module today | Upscaling to 5MW module

= Integral water purification and gas drying

=  Factory semi-automation

=  Continuous R&D and technology improvements
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2020 | 2021 2022 2023 2024 2035 | 2026 2028 2029
m System Price 1,016 724 | 630 488 458 445 431 418
— Average Order 3 5 g 13 17 20 22 37 | 4 51 52 Current 2MW Module

Year of Order




FCEV AND ELECTROLYSER-HRS
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= Refuel in 3 mins
= Up to 350 miles on 5kg of hydrogen
= Energy consumption ~40% of petrol car

= Zero emissions

POWER CONTROL UNIT
Manages the fuel cell
stack and battery.

BATTERY
Stores energy from
deceleration.

MOTOR FUEL CELL STACK HYDROGEN TANK
Runs on electricity from the Generates electricity Stores hydrogen fuel under
fuel stack and the battery. from hydrogen fuel. high pressure.

FCEV: An EV drive train that’s refuelled rather than recharged

WHAT IS AN FCEV REFUELLING STATION?

Buffer Tank BOC | Linde Compression
20bar 15m? tank = |onic Compressor and gas storage,
600kg/day

‘“ ‘ ‘| |
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ITM Power Electrolyser
80kg/day expandable to
500kg/day in 20ft container

l\ “ ﬂnlh
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g;%P:ans;roo bar refuelling point N 'ﬂ 'g!!

Payment Unit
Card reader, touchscreen and
printer for cash register receipt

4
| FUEL CELLS Al Office for Low -
@ AND HYDROGEN & & BOC
N/ | JOINT UNDERTAKING Emission Vehicles

Electrolyser-HRS: Turnkey solution for establishing a hydrogen refuelling infrastructure

Hydrogen mobility




HYDROGEN REFUELLING STATIONS G) ITM POWER
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= 8 UK electrolyser-HRS in operation
= 1 US electrolyser-HRS in operation
= 6 UK stations in construction

= Refuelling 700b and 350b FCEV

= Currently dispensing up to 20 tonnes H, p.a.

= Load aggregation for Grid Balancing

HRS at Cobham, opened to the
public on 22/02/17

s

HRS at Birmingham, to be opened
2020

HRS at Beaconsfield, opened to the
public 27/03/18

Hydrogen mobility
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Land | Sea | Air

= Buses: 30 kg/day
Trucks: 75 kg/day

= Trains: 180 -400 kg/day
Ferries: 500 kg/day

Containeri§ed P"O‘d“CtS: Skid Mounted Products: Building Housed Products:
Bus refuelling station Train refuelling station Refinery electrolyser

Typical electrolyser requirements: 2MW | 10MW |30MW |50MW
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* Expanding the UK network of HRS

* Developing and introducing heavy vehicles that can be refuelled rapidly

* Increasing recognition that green hydrogen is the transport fuel of the future

* Electrolyser upscaling and cost reduction

* Government policies enabling a ‘green electrons + green molecules’ sector coupling approach to decarbonisation
* Aninter-seasonal storage market for renewable energy via underground storage of green hydrogen

Hydrogen mobility trends
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