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Global direct primary energy consumption

Direct primary energy consumption does not take account of inefficiencies in fossil fuel production.
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Move from storable fuels to cheap instantaneous renewable energy



CO, air
‘' Wood
. biomass

Human history !
to date: ' T Coal :
start from : 5

\ oil '

° == !

fuels: L
-> Storable! 3 L ERE '3

7
Fossil Carbon Seee”

Future =Wind + /H\

photons = e ...

== =¥ Eledrolysis

Storageis a problem!!!
° P HZ20

Electrochemistry

Hydrogen & Energy Transition

\

1
1
1
1

CO, emissions

/

Heat engine

Thermo-

Burn chemical

20 - 60% efficient path

A
-

I
.' ‘ Heat
SMR + CCS Power
i waste heat Transportation
I PP,
; . olect'S Y Work
I

H, and its carriers have higher

energy density than e”/batteries,
enabling transport and storage



The colors of hydrogen?

Produced from natural gas using steam methane reforming. Most common form of hydrogen
production currently in use. Results in COz emissions.

Produced from gasification of fossil fuel feedstock, usually coal. Often discussed as a potential
future use of coal. Results in COz emissions.

Produced as a by-product of an industrial process. COz emissions are dependent on the

White 2 :

industrial process.

Produced by electrolysis using electricity from solar power. No CO2 emissions depending on the
Yellow source of power generation. Can also leverage existing power grid. Can be CO; neutral if carbon

capture is deployed at sources of fossil-generated power.

Grey or brown hydrogen with carbon capture. COz emissions are substantially reduced. Modifies
existing production methods, thus leveraging legacy, or existing, infrastructures.

Produced by methane pyrolysis with a solid carbon by-product. CO2 emissions are substantially
reduced. Leverages existing natural gas infrastructures. Opens ‘carbon-to-value’ propositions as
solid carbon can be a replacement for carbon black and used as a feedstock in advanced
carbon material applications.

Produced by electrolysis using electricity from renewables. No COz emissions.

Produced by electrolysis using nuclear power. No COz emissions.
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Fig.1: The different colours of hydrogen.

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

2H,0 + energy = 2H, + O,

~ White
hydrogen

Fe(ll) oxidation,
serpentinization,
radiolysis. ..

Oil/coal Reactive formation

CO, + MgO/Ca0 = MgC0,/CaCO,
2FeO + H,0 = H, + Fe,0,4

F. Osselin, C. Soulaine, C. Fauguerolles, E. C. Gaucher,
B. Scaillet and M. Pichavant, Orange hydrogen is the
new green, Nat. Geosci., 2022, 15, 765-769.
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Production cost of hydrogen

McKinsey / Hydrogen Council
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Breakeven between gray and renewable requires ...
~65GW of electrolyzer capacity

~50bn gap to be bridged

Renewable

Low-carbon

Gray

2020

Renewable hydrogen

= Dedicated renswable/slectrolyzer system

= Fully flexible production

= Scale up of renewabie hydrogen production
= Additional costs to reach end supply price

Key assumptions
* (Gas price 2.8-6.8 LSOMMmbtu
* LCOE USDYMWh 25—73 (2020), 13-37 {2030) and 7-25 (2050}

2040

Low-carbon hydrogen

= Development of CO, pipelines and at-scale sites
« Scale-up of low-carbon hydrogen production

* Scale-up of CCS ouiside of hydrogen production

2050

Exhibit 5: Announced clean hydrogen capacity through 2030

Cumulative production capacity

Mt p.a.
Projections
from2020 6.7

I I Mature®

Projections
from2019 22

Mature?

2030

2020 21 22 23 24 25 26 2, 28 29

1. Includes projects at prefiminary studies or at press announcement stage
2. Inchides projects that are at the feasibility study or front-2nd engineering and design stage or where a final investment decision (FID}
has been taken. under d i5si ar 3

Hydrogen Council / McKinsey: Hydrogen Insights A perspective on hydrogen investment, market development and cost

competitiveness February 2021 https://hydrogencouncil.com/wp-content/uploads/2021/02/Hydrogen-Insights-2021.pdf

Low carbon

Renewable




Inflation Reduction Act (IRA

Clean Hydrogen Production Tax Credit Qualified Commercial Clean Vehicles
(45V) up to $3/kg Credit (45W)
commercial fuel cell electric vehicles

4-2.5 $0.60 through 2032, capped at $40,000:
2.5-1.5 $0.75 o Class 1-3 vehicles: $7,500 tax credit
for purchase of qualified clean vehicles
Latd> ZL00 o Class 4 and above: $40,000 tax credit
0.45-0 $3.00

Alternative Fuel Refueling Property Credit (30C)

Tax credit up to 30% of the cost of alternative fuel refueling property up to $100,000

* Well-to-gate, using GREET View more at: www.energy.gov/eere/fuelcells/financial-incentives-hydrogen-and-fuel-cell-projects

Sunita Satyapal, USDOE Hydrogen Annual Merit Review, June 2023



Future Hydrogen Costs: electrolyzers + cheap electricity

US Hydrogen Earthshot: $1/kgH, by s s
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M et h a n e Le a ka ge Algeri:ource: Bloomberg

Green 9/1/2021

g CO,-equivalents per MJ

R.W. Howarth and M. Z. Jacobson, How
green is blue hydrogen?, Energy Sci Eng,

27N271 ~Ac~?? QRA
b= Greenhouse gas footprint per unit of heat energy

&
|| co,
2 - CH,

We’re tackling methane on every front — with
=] . methane hunters Dr. David Lyon (EDF) and Dr.
bl Methane emissions defected over Algeria from January 2019 to present Anna Robertson (U. of Wyoming) in

including five observed this menth. Source: Kayrros SAS the Permian Basin, MethaneSAT and
with Google Earth Qutreach. bottom right.
2 https://www.edf.org/climate/methane-crucial-opportunity-climate-fight
- - R. A. Alvarez, D. T. Allen et al.,
& g §3 5 3= 3 Assessment of methane o125
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§ 33 23 gas supply chain, Science, 2018,  z 0w | woinm
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Methane Global Warming Potential GWP: https://www.science.org/lookup  oaes|

25 -110X CO, (depending on timeframe) [d0i/10.1126/science.aar7204 ; Tm
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e C.Bauer, K. Tre\éer, C. Antonini, J. Bergerson, M. Gazzani, E. Gencer, J. Gibbins, M. Mazzotti, S. T. McCoy, R. McKenna, R. Pietzcker, A. P. Ravikumar,

M. C. Romano

66—75.https://pubs.rsc.or,

en/content/articlepdf/2022/se/d1se01508

Ueckerdt, J. Vente and M. van der Spek, On the climate impacts of blue hydrogen production, Sustainable Energy Fuels, 2022, 6,




Hydrogen Manufacture: SMR = ATR = POx

Different blue hydrogen technology line-ups

s Cansolv
SMR co, =T+ CO,
Steam TFIue gps CO,
- § —— 3 1
i Feed gas . 18—+ CO shift — €O L. Purification —H
pretreatment [ capture 2
Steam CO,
ATR 1 s ¢ } t
m Feed pretreatment | - Feed gas . CcOshit— <92 . purification —H
m Steam for reaction [N ] pretreatment capture 2
m Fired heater — Fired _ CO, ; s
heater emissions Air—T* A5y
Power ——+
SGP HP steam I C‘DQ
m No or minimal Yfeed Eretreqtment CH, or |tnea'fllf'nazr;n,f_ L+ CO shift_. CO, _, Purification . H,
m Steam production using waste heat uel gas capture
m No direct CO, emission from process Ai
" Asu
Power —»
SHELL CATALYSTS & TECHNOLOGIES 14 October 2020

TRANSFORMING EMERGY TOGETHER

N. Liu, Increasin
Webcast Oct 2020

n

Blue Hydrogen Production Affordability, Hydrocarbon Processing, June 2021; Shell Blue Hydrogen Technology, Hydrocarbon Processing



Hydrogen Manufacture: SMR =2 ATR =2 POx

Which technology is best for greenfield applications?

[ <! < PO 5cP)

Auto-Thermal = Non-catalytic
Reforming (ATR)

= Direct heating

Steam Methane A A

Reforming (SMR) | m Catalytic = Oxygen based without steam
a Catalytic _iLi.4 mDirect heating m Refractory-lined reactor
= Indirect heating - = Oxygen based with steam

_ Refractorvlined tor with Offers key advantages over ATR,
= Non-oxygen based with steam AT IRRSoE W including, for 500 t/d hydrogen

catalyst bed

= Multitubular with external firing production:*
B hd Lt As an oxygen-based system, = $30 million/y lower OPEX
i ey more cost-effective than SMR for ~ * 35% less power import
the alternatives may be better tilain hydroges «» 10-25% lower levelised cost of
suited for blue hydrogen hydrogen (LCOH)

*Basis: 500 t/d of pure H; production (excluding inerts, CH,, CQ; and CO, which will oo be present depending on the final purification step). Matural gos price = 3394/t; demin. water =
38.4/t; power import = $86/MWh; soivent, TEG and catalyst costs based on internal quotations. H; discharge pressure of 72 bara; CO;, discharge pressure of 150 bara. 5% plant availability.

SHELL CATALYSTS & TECHNOLOGIES 14 October 2020 -]
TRANSFCRMING ENERGY TOGETHER

N. Liu, Increasing Blue Hydrogen Production Affordability, Hydrocarbon Processing, June 2021; Shell Blue Hydrogen Technology,
Hydrocarbon Processing Webcast Oct 2020



Global warming potential of Hydrogen (indirect)

Table 1 — Estimated global warming consequences of
zero-carbon hydrogen distribution, supply and usage
systems in the UK and US, making assumptions

concerning the percentage leakage rate of the future
hydrogen system.

Global warming,
million tonnes CO
equivalent per year

Minimum assumed 0.26 1.26
leakage, 1%

Same leakage as 06 0627
respective natural gas
network

Scale up natural gas 15 1.6-6.8

leakage to account for
H; energy content

Maximum assurned 26 126
leakage, 100%

Current natural gas 76 295—360
consequences

Radical Reactions:

B Indirect Global Warming OH 4 H. = 1+ H20
2

Potential due to atmospheric
H+ 02 = HO,
reactions with OH, NO
m GWP = 3.3 (<2022)

m GWP = 11 (2022)

HO,+ NO = NO; + OH
NO.:+ hv = NO+0O

0O+0, = 0

H2 leakrate = Tg CO2/yr % of fossil
1% 417 1.81%
10% 4167 18.12%
Fossil economy 23000 100%

* Derwent, R. et al. (2006) “Global environmental impacts of the hydrogen economy”, Int. J. Nuclear Hydrogen Production and Application 1(1): 57-67.

* R.G. Derwent, D.S. Stevenson, S. R. Utembe, M. E. Jenkin, A. H. Khan and D. E. Shallcross, Global modelling studies of hydrogen and its isotopomers using STOCHEM-CRI:

Likely radiative forcing consequences of a future hydrogen economy, International Journal of Hydrogen Energy, 2020, 45, 9211-9221.

* R.A. Fieldand R. G. Derwent, Global warming consequences of replacing natural gas with hydrogen in the domestic energy sectors of future low-carbon economies in the

United Kingdom and the United States of America, International Journal of Hydrogen Energy, 2021, 46, 30190-30203.

* N. Warwick, P. Griffiths, J. Keeble, A. Archibald, J. Pyle, University of Cambridge and NCAS and K. Shine, University of Reading, Atmospheric implications of increased
Hydrogen use (2022) www.gov.uk/government/publications/atmospheric-implications-of-increased-hydrogen-use



Useful rules of thumb

8.8 kg-H,/ MM Btu — lower heating value
1 Gallon of gasoline equivalent / kg-H,
33.4 kWh / kg-H2 (LHV)

S1/kg H, = $8.80/ MM Btu gas! (LHV)
S1/kg H, = S1/ gallon gasoline or diesel equivalent (add $2+ for distribution & dispensing)
3 cent / kWh electricity = $1/kg H, at 100% efficiency



Renewable AC electricity

]
I |
AC-DC conversion AC via grid
(95%) transmission
95 kwh (90%%)
I—'; a0 kwWh
| Electrolysis
The Hydrogen oo ;
71 kvih

economy does
not make
sense’?

AC-DC conversion
and
battery charging

(85%)
77 kWh

Electric vehicle
with regenerative

Fuel cell vehicle

(90%)
23 kwh

Fuel cell vehicle

(90%)
19 kwh

braking

{90%}
69 kwh

1
69 kwh f 23 kWh =3
i

Electric is 3% more efficient than Hydrogen !

http: ffwoww. physorg, com/riewsBS07T4285, html

Bossel, Ulf. “Does a Hydrogen Economy Make Sense?” Proceedings of the IEEE. Vol. 94, No. 10, October 2006.

Plotz, P. Hydrogen technologyis unlikely to play a majorrolein sustainable roadtransport. Nat Electron5, 8—10 (2022).
https://doi.org/10.1038/s41928-021-00706-6



Hydrogen as Energy Vector: Transport and Storage
10X variation solar / wind intensity
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SOURCE: IEA; Mekinsey

Hydrogen Council: Pathto Hydrogen Competitiveness (2019) 16



CUMULATED FUEL-POWERTRAIN EFFICIENCY FOR LIGHT DUTY VEHICLES

0.8

Renewable Electricity 10% charging loss

Renewable Electricity 10% charging loss, grid back-up power loss

Renewable Electricity 20% charging loss, grid back-up power loss

0.6

Diesel, crude oil based, EU refinery

H, low temperature electrolysis onsite, compression to 880 bar

0.4

Gasoline crude oil based, EU refinery

PTL Diesel, CO, captured from flue gas

0.2

PTL Diesel, CO, from DAC, long distance transport, 2050

000000 DO0O

PTL Diesel, CO, from DAC, long distance transport

0.0

10 PTL Gasoline, CO, fram DAC, long distance transport

Assumptions based on expert input:
m Diesel, PTL - Cl, 36% efficiency

Fuel Transport Dispensing C-Segment m Gasoline, PTL - SI, 30% efficiency
Production Vehicle m Electricity - BEV, 92 % efficiency

m H, - FCEV, 59% efficiency
ﬁjﬂlﬂn gg &i a DAC = CO, generation from Direct Air Capture

J. Adolf, W. Warnecke, P. Karzel, A. Kolbeck, A. Van Der Made, J. Miiller-Belau, J. Powell, K. Wilbrand, L. Zimmermann, L. Sens, U. Neuling and M. Kaltschmitt, On Route to CO2-free Fuels.Hydrogen -
Latest Developments inits Supply Chainand Applicationsin Transport, DOI:10.13140/RG.2.2.21744.58889; ‘The road to sustainablefuels for zero emissions moblllty status of,and perspectlves for,
power-to-liquids fuels.” Paper presented at the 39th International Vienna Motor Symposium, See: https: - L I pd




Snapshot of Hydrogen and Fuel Cell Applications in the U.S.

Conventional Storage Transportation

H2@Scale

* 10 million metric tons
| produced annually

- ) : ' « More than 1,600 miles of
Examples of Deployments Major Hydrogen Production * jimecomiese %
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Fuel Cell Buses and data
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g-92a1
Al

oy
H, Retail Stations

I

ﬁ >16,000 Hydrogen Stations Plans Across States
Fuel Cell Cars Zalifornia Northeast HI, OH, SC, NY, **NREL
'00 Stations Planned 12-20 CT, MA, CO, UT, =
California Fuel Cell Stations X, Ml =100
*Polymer electrolyte Partnership Goal Planned And Others ks oy

membrane

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE



Heavy duty Hydrogen Fuel Cell Trucks

What electrification of drive train eliminates:

i L% Do Truek Ssbimaem
Engine & Transmission M‘*‘ Y Neese

Drive Lines and Axles

Funl Tank & Ralated

Ray Tandam hele

Emissions Systems

Exhaust/Emisson
-

Dbl Fussl {fush)

* Fluids, Tanks, Lines
* Filters B
* Charge Air & Turbos :“.::,1

Over 7,800 lbs

prrrp————

NACFE, Guidance Report: Viable Class 7/8 Electric, Hybrid and Alternative Fuel Tractors
https://nacfe.org/emerging-technology/electric-trucks-2/viable-class-7-8/

Epgronimate
Wasghr |1k

g
a1
230

e

7

NACFEfa

i s

*Mihelic, R., etal, “Guidance Report Electric Trucks — Where They Make Sense,” North American
Council for Freight Efficiency (NACFE), May 2018, https://nacfe.org/report-library/guidance-

reports/

Exhibit 20: Total cost of ownership of on-demand heavy-duty truck

Use case:
Flexible and demanding
leng-haul transport
under ideal efficiency

_ B

~ooo™ 1-Q0mQ

Digssl ICE

Fuel call
LE:] [FCEV)'

T

502 2 2 P 2040
Hydrogen Council / McKinsey % Co. (Feb 2021) Hydrogen Insights A perspective on

hydrogen investment, market development and cost competitiveness
https://hydrogencouncil.com/wp-content/uploads/2021/02/Hydrogen-Insights-2021-Report.pdf

Productivity and Re-fuel/Re-charge Time
One Day of Regional Haul = 350 miles on 2 Shifts

Diesel Compressed Hydrogen Battery
Fuel Amount. 70 gallons Fuel Amount: 55 kgs Fuel Amount. 1,000 kW-hrs
Refuel Time: 5 minutes Refuel Time: 15 minutes Re-Charge Time: 2 hours
@ 500 kW rate

® 0 ¢

Lindgren, B., “Kenworth Electrified Powertrain,” ACTEXPO 2019 presentation,
May 30, 2019, https://www.gladstein.org/gna-
presentations/actexpo2019presentations/

October 2020
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Electrity for CO2-free future

|EA NetZero by 2050:

https://www.iea.org/reports/net-
zero-by-2050

Figure 3.22 =~ Global transport final consumption by fuel type and mode
in the NZE

Consumption by fuel Consumption by mode
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IEA. All rights reserved.

Electricity and hydrogen-based fuels account for more than
70% of transport energy demand by 2050

Note: LDVs = Light-duty vehicles; Other road = two/three wheelers and buses.
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Carbon Capture Utilization & Storage (CCUS) [

and Infrastructure

CO; in atmosphere
DAC [ DAC &

CO, @ @ r H, Cco,
MNatural CO; Flows _
[ , CO;

¢ “Shortdived

e . “¥ | Long-lived ' | recycing
" blomass products -
. Fozsil carban | Geologic CO, Storage - :

Schematic of main carbon flows in a circular carbon economy, showing sustainable pathways for the production of short- and long-lived carbon-based products as well as natural flows
of carbon into and out of the atmosphere. Natural flows are white. Flows of fossil carbon and emissions are grey. Flows of biogenic carbon are green. Flows of recycled materials are
blue, as are flows of carbon associated with short-lived products. Flows to be used for long-lived products are yellow. DAC =direct air capture. This schematic does not include all

carbon flows that will exist in a circular carbon economy; for example, recycling could be an option for long-lived products. SOURCE: Committee generated.
National Academies of Sciences, Engineering, and Medicine. 2022. Carbon Dioxide Utilization Markets

and Infrastructure: Status and Opportunities: A First Report. Washington, DC: The National Academies
Press. https://doi.org/10.17226/26703.



Six characteristics of the net-zero transition

| | OW | I I u Ch mUniversal
All carbon dioxide and methane emissions today come from seven energy and land-use systems.
1R ?
will it cost:

Power Industry Mobility Buildings Agriculture Forestry Waste

Emitters of: . Carbon dioxide () Methane Size = Share of total of each greenhouse gas emitted

Significant E Front-loaded

Capital spending on physical assets for energy Global capital  B.8% of global GDPin 2026-30 Cumulative
and land-use systems will need to rise by spending in spending
$3.5 trillion peryear for the next 30 years, the transition of around

) IVI C Ki n S ey! T h e n et - to an annual total of: i‘-::l:i :;zﬂ o $27?
zero transition: I trillion

$9.2 trillion —— e fmbeor trillio
What it would cost, B New paning o 1 e
what it could bring,
January 2022
https:}}www.mckins

ey.com/capablilities/
sustainability/our-
insights/the-net-
zero-transition-
what-it-would-cost-
what-it-could-bring

Il Curment spending

$3.5 trillion
Increase in spending
on low-emissions
assets vs. today

$1 trillion

Spending reallocated
from high- to low-
emissions assets

$2 trillion
Continued spending on
low-emissions assets

$2.7 trillion
Continued spending
on high-emissions
assets

spending level 2021-26 30 40 2080

@ Uneven

Developing countries and fossil fuel-rich regions are more
exposed to the net-zero transition compared with other
geographies.
— Countries with lower GDP per capita Some
industry
h : sectors are
Countries - also more
with higher
transition

Percentage
of GDP
generated
£ by sectors
= with highest
Size = J degree of
population | ! | exposure




Technology Session-1: Agenda

A.1 H2 Production

Time Speaker Topic
9:30 A el US H2@Scale H2 production
NREL
9:45 Green H2 / Electrolyzers
Turquoise and Pink H2: Methane
9:55 )
Pyrolysis & Nuclear

10:05 GreetModel LCA
10:15 Moderate Panel Q&A
10:45

The Gulf Coast Hydrogen Ecosystem: Opportunities & Solutions, University of Houston, 17 April 2024



