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What is the “Hydrogen Economy”? — A Vision

Hydrogen can be stored,
The hYd rOgEI’I economy ' 2 converted to synthetic
; Storage e fuels or transported by
How low-carbon hydrogen could be made, . Bk tin or pipeline
moved and used : ' 2
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The Hydrogen Economy

After WIKIPEDIA

“The hydrogen economy is an envisioned future in which hydrogen is used as
a fuel for.......

heating

hydrogen vehicles

energy storage

long distance transport of energy

....in order to phase out fossil fuels and limit global warming. Hydrogen can
be created from water using intermittent renewable sources (e.g. wind & solar).
It's combustion only releases water vapour.

Currently R&D, pilots, demonstrators, small-scale systems.
TROVE separates the wheat..... but the chaff can still be viewed.
Separates reality/pragmatism from “Aspirational Goals” (Hype)
Bottom Line : Hydrogen is not a primary energy source.

Hydrogen is all about moving energy from a producing area to a usage or A
storage area
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Hydrogen Uses Today

Hydrogen Usage (2019)

Petroleum Refining

Methanol Production -

Steel Production

All other uses

Power-to-Ga

w

Millions Tonnes

38

31

Energy Institute

80 million tonnes per annum in 2021 (i solutions, may 21)
89 million tonnes per annum in 2019 energy mstiute)

Methane Steam Reforming

85% Grey Hydrogen

Source:

.......
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Power-to-Gas projects

‘‘‘‘‘‘‘‘‘‘‘‘‘

@ With biological methanation (active)
@ With biological methanat inacti

Power-to-X projects

Europe
North America
Far East

Australia
Brazil
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Future Uses

Transport
» Cars, trucks, shipping & aviation

Buildings
« Spike H, into natural gas
« Heating

Power generation
« Storage
« Hydrogen & Ammonia in gas turbines.
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Why hydrogen?

Climate Change - Sorted!!

0.000650%
Colourless
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0.000500%
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Odourless o
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urns -
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Produces only water vapour . 1940 2000

1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

Less dense (than methane)
Less viscous (than methane)

Hydrogen Fuel Cell

High diffusivity
Highly reactive 1880~/ =200 2000
Google Books Ngram Viewer

Change methane infrastructure to hydrogen
Run transport, power generation & heating on hydrogen
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The colours of hydrogen

No agreed definition.
Colour refers to the energy source used to produce hydrogen

White Naturally-occurring geological hydrogen found in underground deposits

Green Electrolysis of water, using 2lectricity from surplus renewable energy sources

Pink Electrolysis powered by nuc ergy. AKA Purple/red

Yellow Electrolysis using solar po

Biomass

Increasing f |
Turquoise Em |SS|OnS What do these sources

have in common?:

G rey Natural gas (Steam reformi o CO, captured

All but one are multi-
syngas step processes

Lignite (brown coal) - Gasifi

All have considerable
efficiency losses

Black coal - Gasification, S

No Colour
assigned

Biomass - Gasification of renewable organic resource

(Don’t shoot the messenger!!) TROVE Renewables




Colours

With Without
CCS CCS
( White Brown \
Yellow
Turquoise
\ J

Biomass
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The reality of climate change.......

Our values The atmosphere is critical for life

Economics The atmosphere is a free open sewer

Methane Emissions
CO, Emissions

ie Cheap

l‘ Clean(erthan coal)
1 Easy Transport

CO, emissions

Leakage

FREE
TAXED (but cheap)

Hydrogen

Expensive
Very Clean l‘

Harder

"None" l‘

More leakage
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Blue Hydrogen

Blue Hydrogen
Fuel LR

Methane

Natural gas

Lose (at least) 30% Energy
....but no GHG's
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Methane Content (%)

40,000

e

(42}
£ 35,000
;
¥ 30,000
£ 25,000
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o
O 15,000
>

210,000
(0]
| e
L

5,000
0

20% H, Add
14% Energy reduction
7% CO, reduction

N~ © w0 <
Methane Content %

Hydrogen Energy Content per Unit Mass l‘
Hydrogen Energy Content per Unit Volume

Need to move 3.2-3.6 volumes for same energy

More compression, higher pressures
More pipe friction

More leaks (smallest molecule)
Burners (cooking gas rings) & Turbines

Energy losses
Dilutant
Compression costs

Modest emissions saving

H, explosive range 4-75%

Stenching agents (Thiols &
mercaptans are incompatible)

Public perception (unfounded)
% » ¥
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Green Hydrogen - Electrolysis - Hydrogen Fuel Cells

Arguably a NASA spin-off technology (Gemini & Apollo)

/"

Anode

lions *  Electrolyte

Catal i E Catalyst

Cath Od e [negative electrod] - [positive electrode]

of N\

PEM - Proton Exchange Membrane




Yellow (Green) Hydrogen

Hydrogen costs from hybrid solar PV and onshore wind systems in the long term

Take many developing countries (et al) out of energy poverty

Relative Cost

USD/kgH,
M <-16
Bl 16-18
18-20
20-22
22-24
24-26
26-28
28-30
30-32
32-34
34-36
36-38
Bl 38-40
B > 40

Grey Hydrogen
Blue Hydrogen
Green Hydrogen

US$/kg Cost

1-2
2-4
3-6

Fitch Solutions, May 2021

COP26 &
Carbon
Pricing

\ &
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It's not all about fossil fuels.....

Current impact of GHG over 100-year

800/ Total GHG Emissions
0 Energy production & consumption timeframe
SF6  0.04%
Ky0t0 Protocol jists 6 greenhouse gases to reduce:
« CO, Carbon dioxide = HFCs Hydrofluorocarbons N20 REXZDA
e CH, Methane * PFCs Perfluorocarbons

* N,O Nitrous oxit SFy  Sulphur hexafluoride

CH4
1kg in atmosphere SF; equals
23,500 kg of CO, -

Schneider Electric, 2021

Sulphur hexafluoride is used
as an insulator
in switchgear circuit breakers

Leakage from wind turbines cited as contributary factor - overstated
Atmospheric residency for SFg reported as >1000 years.

TODAY’S ATMOSPHERIC 100-YEAR GWP RECENT ATMOSPHERIC INCREASE

CONCENTRATION Global Warming ~ (PARTS PER MILLION PER YEAR)
(PARTS PER MILLION) Potential
o, 410 1 2.5
CHq 1.9 28 0.008
N.O 0.3 265 0.00085
SFe 0.00001 23500 0.0000003

https://theconversation.com/why-sf-emissions-from-the-renewable-energy-sector-should-not-be-considered-a-dirty-secret-130734
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Cars — the Great Debate

Ford Focus FCV

Honda FCX Clarity, 2017

Nissan X-Trail FCV, 2021

Fuel Cell (Electric) Vehicles or Hydrogen Fuel Cell Vehicles

T —

Battery Electric Vehicles

o
& RIVIAN

L _ L1 CcC 1D

“Fool Cells” Elon Musk

Too long to charge HFC
Limited range HFC
Cost BEV

Dec 2019 Snapshot

Hyundai
Toyota
General Motors
Nissan
Audi
Mercedes-Benz
BMW

Fiat

Mazda
Chevrolet
Kia

PSA
Renault
Roewe
Maxus

Alfa Romeo
Chang’an
Daimler
FAW
Mitsubishi
Peugeot
Riversimple
Ronn Motor
SAIC
Suzuki
Volkswagen
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Efficiency

Petrol/diesel

44%

Electrolysis
ﬁ 'y

z

Transport, s:ofage
and dis (nbuua

Fuel p:o"dlkxt!on

95% 52%
Inversion AC/DC

( Battery charge
iciency
T

“Tank-to-Wheel”

Inversion DC/AC

& 2

13%

L_ Engine efficiency

Overall efficiency 22%

73%

Source: WIT (LEST, IEA, Werkd bank), TTW, TRt calculations

= TRANSPORT & wewaneny §) Stamesy
|_ ENVIRONMENT @ tramsportenvwonment org.

Honda Clarity

360
miles

Toyota Mirai

312
miles

Kia Niro EV

239
miles

Chevy Bolt

259
miles

Hyundai Nexo

380
IES

Nissan Leaf

226
miles

Tesla Model 3

322
miles

Tesla Model S

373
miles

Infrastructure

e Mono Lake

~150,000 US‘PetroI Stations

Fast-moving developments. Lack of H,

Infrastructure is currently a major differentiator
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Fuel Cell Future

BEV FCV
| | More H, stations

More cars

Economies of scale

200 250 300 350 400 Lower costs

Range (miles)

Diminishing returns for — )
increased battery capacity Solar panels at existing petrol stations

Tesla market share is Make H, on site

60% US EV Market

But only 2% of entire US Car
Market

Will there be a period of petrol stations, hydrogen stations & battery chargers?!! \ 4
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~ | xCiENTFCEV.

12,000 Fuel Cell Powered Fork Lifts (~2016) H,-fuelled Trucks range (500-750 miles) & refuelling time (15 mins). Similar to
>25,000 worldwide today diesel trucks. Batteries are very heavy.

10,000 new H, trucks were added in China (2019)

Buses

Numerous schemes worldwide including the 2020+1 Olympic Games

Jul 27, 2019 - 03:14 pm Jul 24, 2019 - 02:20 pm

Holland: Qbuzz provinces order 20 fuel cell buses Aberdeen orders another 15 hydrogen buses

SORA

ecember 2017. Both the pilot bus project

n journey
Environment, the EU via the FCHJU project

possible,” said S aul Wheelhouse. “This the ity achieve it 10C president experiences Japan's fuel cell tech
decarbonisation goals and further consolidate its reputation for innovation and technology”. A

- N—— _ : designed for 2020 Tokyo Games

B o s e e LA et curl e fo el e Poaes e of Cologne and It’s not the first major order for Wrightbus: two months ago, London’s public transport operator ordered
Wuppertal. According to Van Hool, it has already built 131 hydrogen buses, 21 of which have even been exported to North a) & 80s publc s ansy s

el cel es Wi el i ALICIA MOORE
America 20 fuel cell buses worth £12 million from the Ballymena-based company. [ roener 22,2018 G




Planes

THE FIRST PRACTICAL
TRUE ZERO EMISSION
AVIATION POWERTRAIN

Our Mission

Accelerate the World's Transition
to Sustainable Aviation

ZeroAvia enables zero emission air travel at scale,
starting with 500 mile short-haul trips, at half of
today'’s cost.

Novel approach removes many limitations of the
current zero emission programs.

Airbus - 2030 target for green H, zero emission aircraft.
ZeroAvia developing a six-seater H,-fuelled plane, 500-mile range.
Energy Density . fuel > Energy Densityyygrogen

Trains

Concentrated distribution
Faster recharging than batteries

18t H, train (built by Alstrom) has run since
2018 in Germany. Japan & UK to follow

Hystra — World’s first hydrogen carrier

Not yet fuelled by hydrogen
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Future Hydrogen “Cities” & large scale projects

AquaVentus — Germany

HyDeal Ambition — NortH2 — Netherlands 10GW Offshore Wind
. 10GW Offshore Wind
Spain/France To produce green H, for To produce green H, for
67GW solar H P gre g 2,[ use across Europe
To produce green H, for eavy power inaustry

use across Europe

Ansan - S. Korea

, Tidal power to H,
54 production, 232
3 /homes, two buses &

(@)
(@) forklifts

/’

' (@}
e o
Lancaster — USA
3.8 million tonnes of H, ®
per year — using waste ' ®
Asian Renewable
Energy Hub —
Australia
26 GW Wind & Solar

Base One — Brazil 1.75 million tonnes

3.4GW Wind and Solar NEOM - Saudi Arabia per year of H, & NH,
International export 4GW Wind & Solar to Wuhan - China InterContinental
produce H,, 170 km Up to 100 fuelling Energy, CWP Energy
pipeline stations by 2025 Asia, Vestas &

21 H, busses Macquarie (FID 2025)
A
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Hydrogen World Leaders

Country Number of Projects 728 Projects

Gemany 113 _
Netherlands 64 Europe dominates (but also

UK 54 most transparent &

France 45 published).

Denmark 35
USA K Varying stages of R&D,

Various 30 pilot, demonstrator,
Spain 29 commercial, completed
Australia 27 project status

Norway 26
Italy 22 AUSTRALIA
China 21 ~37GW electrolyser
Japan 16 projects planned, incl. 4GW

Belgium 16 under development
Canada 15

Austria 13 TROVE helps separate the

Switzerland 11 wheat from the chaff
Greece

8
Sweden 7

India 7
Finland 72

A

Source: TROVE May 2021 TROVE Renewables






Hydrogen Storage

Hydrogen

40,000 Wh_

100-300 atmospheres Pressure
-250 C liquid

Scale-up sustainable renewable
energy

Transport 1/800t volume, 8,000 tonnes (gross) ¢

2500m?3

TROVE Renewal
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Hydrogen Storage — Existing Pipelines

e Liquid H, 71kg/m3 (boils at -161 C)
 Methane 420kg/m3

« Hydrogen embrittlement — not an issue for mild steel but pipelines are
made of hard steel (also welds & heat-affected equipment). Replacing all
pipework — massive capital cost.

* H, line-pack energy (1hr) ~1/3 methane line pack energy (3/4 hrs)

« Methane storage is already a major strategic reserve — multiple fields,
existing infrastructure, domestic appliances optimised etc.

* Hydrogen can’t compete with methane due to high cost of electrolysers
and expensive storage costs.

Can’t use existing gas infrastructure

eeeeeeeeeeeeeee



Hydrogen Storage

« Large scale energy storage on the grid
Battery Farms/Banks Store for hours better than days
P2G2P H2 Storage Store for weeks/months

’\ n ’\ Energy use in Scotland
00 2 2

Gas (Heating)
AAMN

”I'HW

2813 2014 2015 2016 2017 2018 2019 2020 2021

Scottish Energy Statistics Hub

3

Transport

Electrlc:lty

All Will large scale energy storage on the grid work?

webinars in
series Demonstrator: H100 Fife & H100 Argyll

available

online &

TROVE Renewal bles
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Underground Storage

There are over 30 large salt caverns in use across the UK today

4 o ! Ma ¢
{
\ Wi e Emi

f;’*f ;Z;)»..- ]

Cledws

S0

T e

Scrrmryet

Tharw

BGS Study

Discharge Time (H)

Power-to-Gas

1000 Methane

100

10

01

0.01

0.001

Storage Capacity

1 Hour

1kwh 10kWwh 100kwh 1MWh 10MWh 100MWh 1GWh 10GWh 100GWh 1TWh 10TWh 100 TWh

Figure 3. Comparison of discharge time vs capacity of energy storage technologies [24].

https:/A i f-disch: i ity-of-

Geographically discrete locations (e.g. ? none in Scotland)

gy-storag jies-24_fig2 :

TROVE Renewables



Underground Storage — Salt Caverns Other stores

v e v LI Deep saline aquifers
Figure 3.30  Salt tectonics (Lokhorst BN Salt structures and pillows
et al., 1998, with contributions from B Salt diapirs . .
Mazur et al., 2005; Y. Maystrenko, pers. Zechstein rocks Dep I eted Ol I & gas f| e I ds
comm. 2008). Not present
Ippe— Not included in the Atlas map
i compilations

-+ Lined or unlined rock caverns

0 100 200 300 km

Southern Permian Basin Atlas

Challenges
Different physical and chemical properties (e.g. CO,, CH,, Air)

Reaction with the subsurface minerals and fluids
Growth of hydrogen consuming microbes in the subsurface

Containment may be compromised by repeated injection-reproduction cycles

TROVE Renewables

Induced seismicity



Hydrogen Underground Storage

Number of Caverns

25
20
15
10
s L

Netherlands Spain UK

Germany Romania

Hyunder, 2019

Caprock Hydrogen plume

Injection &
production
well

Injection/production H, - cushion gas Cushion gas- brine

Structural geology:

Why Salt Caverns?

* Proven track record for
methane (et al) storage

» Flexibility when operated on a
highly cyclical basis

* Low proportion of cushion gas
required

« “Clean” (unlike depleted HC
fields)

TROVE Renewal bl
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Summary '




TROVE Hydrogen Analysis

Global Hydrogen Projects — sizes vary by over 7 orders of magnitude

Rate of Growth is......

MegaWatts Electric Capacity through the Years

100,000
10,000
1,000
100

10

4

In 2005 only
one project
>1 MW

/

(<)

2005 2010 2015 2020
Year

Exponential !!

TROVE Renewa bles



Conclusions

Hydrogen has a place in the future. Focus where better solutions are required.

It is typically twice as efficient to move electricity than to move hydrogen.

Existing methane pipelines highly unlikely to work for hydrogen.

Without a meaningful (punitive) Carbon Tax, methane will continue to be the cheapest solution.
Tackle the “big wins” early. Cars have alternatives (BEV’s). Focus on buses & trucks.

Global government policy alignment is needed to agree carbon tax, initiate infrastructure
development etc.

COP26 may well determine the future for hydrogen

Find useful data FAST!! Use TROVE. 7

TROVE Renewa bl
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What's in TROVE Hydrogen KnowledgeBase?

700+ Assets

Excel-based

Project Descriptions

50+ Country Overviews

Technology Overviews

Global Hydrogen Projects

"

HHHHHHHH

VvV
TROVE Renewa bles
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Hydrogen Assets

Excel-driven app with advanced functionality

TROVE Hydrogen & Biomass

) Compare Static Plots Properties
TROVE Renewables i

Summary Form Active Plots Technology

25 May 21

Other Databases Overview
Hydrogen Europe [ References [ Hydrogen Introduction |
Glossary | Colour ydro
IEA Hydrogen .
Conversion Factors 2
Introduction to
USP Hydrogen Storage
Underground Storage Biomass Introduction
Dashboard
Chemistry

Projects
651  Hydrogen
72 Biomass
3 Ammonia

Company2

Dashboard

MegaWatts Electric Capacity through the Years
14,000

MegaWatts Electric Capacity through the Years
100,000

12,000 o 10,000 ” ; y
10,000 1,000 P
00
8,000 0 ) .
i H

10

TROVE Renewables

1
0
0
0

2000

T —
o 3 -
" = =TT
2024 202 2028 CT——
Year  C— T — T o —
o —— —
e — T r—
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Hydrogen Assets

>700 Hydrogen projects with detailed descriptions, maps, histories, project
descriptions and more......

3Emotion
Aberdeen buses
AltHytude
Arrowsmith
Balance

Big Hit
Carbon2Chem
Dolphyn

Electrochaea

gen Pro

Sokd oxida slectalysis

Country

cols (SOEC)

‘
Carbon2Chem ®

“The benefits ofthetechnology are s fllows:
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] electrolysis (PEM)
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Belgium
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The CO, comes from a close-by water treatment facility
where the CO, is purified, and we receive pure CO, here.
)

b

A et

Process Cha ;slcteristics

 Gas quality exceeds 97% CH .,\\{vllhoul post-proce
Remaining gas composition is <1% CO, and <29

1200 + hours of operation :

- Robust and flexible biocatalyst: the Archaea

SOLOTHURN ACCOMPLISHMENTS v SOLOTHURN ACCOMPLISHMENTS

-—,  § b 0¥
Design perational Characteristics
’

- EPC delivered plant based on 50 Nm*h of CO, design - Remote automated operation

+No buffer vessels for
for flexible operation

~ Advanced design with improved energy efficiency

ut gases are required - Immediate recovery from on-off cycles

~ Load factor tests from 0 — 100% capacity
with maintained gas quality (>97% CH,)
 Simple design of biomethanation plant;
three large rotating parts: pump, agitator, compressor
v
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Country Overviews

50 country profiles with detailed descriptions, maps, histories, policies etc

Australia

(1

AFTER WIND AND SOLAR,
GERMANY LOOKS TO HYDROGEN

Germany's National Hydrogen Strategy
STORAGE b

t¥in

Belgium
China

Denmark

Estonia

Finland

Germany

Wariers
Maubeuge

-] -1

Fig. 4. Hydrogen pipe system in Belgium (Source: Air Liquide) ’
TROVE Renewables




TROVE Hydrogen KnowledgeBase

Key Data

» Date of Commissioning and
Development Stage

+ Capacit
> J Point and click

to navigate

N\

Neera:

w

v hoon
Gomen. e
Foan e
v e
o g
Turke: yoroge
Nethro o
Mo o
Netherin Hyooge
 Nethorins oo
Geman. hd

« Management
* Developer, Owner, Operator

* Location Data

* Region, Country, Latitude &
Longitude

» Colour (Source)

 And more..... v7
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