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Hydrogen

Clean Hydrogen Swiss Army Knife
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Sourcing hydrogen

Terminology Technology Feedstock/
Electricity source

Wind | Selar | Hydro
Green Hydrogen Geothermal | Tidal

Purple /Pink Hydrogen Electrolysis Nuclear

PRODUCTION
VIA ELECTRICITY

Mixed-origin grid energy

Natural gas reforming + CCUS

s dab L Gasification + CCUS RELEl R | el
; n Turquoise Hydrogen Pyrolysis
5 E Natural gas
E - Grey Hydrogen Natural gas reforming
2%
E = Brown Hydrogen Brown coal (lignite)
Gasification
Black Hydrogen Black coal

*GHG footprint given as a general guide but it is accepted that each category can be higher in some cases.

GHG
footprint*

Minimal

Medium

Low

Solid carbon

(by-product)

Medium

High

Source:
GEl


https://globalenergyinfrastructure.com/articles/2021/03-march/hydrogen-data-telling-a-story/

Hydrogen: issues and challenges

* Expensive production
* Expensive transportation

* Additionality
* Diminishing use cases => uncertainty



Sourcing green hydrogen

@ Europe Northeast Asia
Middle East and

North America North Africa Rest of Asia
@

Southeast Asia

&

Latin America Oceania

Sub-Saharan Africa

Source:
IRENA 2022



https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/Jan/12A_Geopolitics_MS.pdf?la=en&hash=BD12BA5AE3060B3CF4284251BC357673BEB7DBCE

Sourcing green hydrogen

O Exporter Exporting region mmmmm  New routes in - MoUs in place - Potential trade route
place or under establishing explicitly mentioned in
© Importer Importing region development trade routes published strategies Source:

IRENA 2022



https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/Jan/12A_Geopolitics_MS.pdf?la=en&hash=BD12BA5AE3060B3CF4284251BC357673BEB7DBCE

Importing green hydrogen to Europe

Hydrogen transport cost as % of production costs for 1tn of clean steel
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http://hydrogen-model.eu/#model

Additionality

* Existing H2 production and use: ~90 Mt/y (2022) — 99% is grey
* Producing 90 Mt/y of green H2 <= ~140% of RES installed by 2022

* What electricity shall be allocated to H2 production?



Hydrogen: use cases

Hydrogen
boilers:

Heat
pumps:

Source: Hydrogen Science Coalition



Hydrogen: use cases
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Storage: it's complicated...

Sensible heat
Latent heat
Thermochemical heat

* Hydrogen

* Ammonia

* Hydrocarbons
* Alcohols
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Capacitance
Inductance
Electrochemical

* Sealed batteries
* Flow batteries



Storage technologies (pumped hydro)

Upper reservoir

Charging:
Pump mode

Discharging:
Power Turbine mode

network

p

Generator / Motor

Transforme

Lower reservoir

Turbine / Pump

Advantages

++++ +

Technical maturity (~160 GW deployed)

Low specific energy capacity cost (< 50 USD/kWh)
Independent sizing of energy capacity and power capacity
High round-trip efficiency (> 80%)

Long lifetime (= 30,000 cycles)

Disadvantages

Need for suitable geographical conditions

Long lead-time to build (multiple years)

Low energy density, thus large footprint (< 2 kWh/m?)

Potential negative environmental and social impacts through creation
of water reservoirs

Economical only at large scale (> multiple hundred MW) and long
discharge duration (> 4 hours)



Storage technologies (compressed air)

Generator/
Motor

Air Air
—> I l —>

Compressor Turbine

Advantages

Disadvantages

Charging * f Discharging

Underground
Cavern

+++ +

Low specific energy capacity cost (< 50 USD/kWh)
Independent sizing of energy capacity and power capacity
Long lifetime (> 15,000 cycles)

Modular and location independent when using storage tanks

Cost-efficient underground CAES plants are geographically limited by
the availability of caverns

Diabatic plants have low round-trip efficiency (< 50%) and require fuel
for discharge

Low energy density (~4 kWh/m?)

Only economic at large scale (> multiple hundrea MW) and long
discharge duration (> 4 hours)



Storage technologies (flywheel)

Vacuum chamber

Radial bearing I

Flywheel

= N

Radial bearing I

Generator /
Motor

Advantages

+++++

High round-trip efficiency (~90%)

Rapid response time (< 1 second)

Very long lifetime (= 100,000 cycles)
High power density (1,000-5,000 kW/m?-)
Modular capacity sizing (kW-MW size)

Disadvantages

Low energy density (~50 kWh/m?)

High specific energy capacity cost (> 1,000 USD/kWh)

High self-discharge (up to 20% per idle hour)

Complex engineering to minimize losses and contain the spinning
mass in case of a failure



Storage technologies (lead-acid battery)

+
= Positive electrode (lead dioxide) + High technical maturity (commercial since ~1880)
2 _ + Relatively low cost for battery pack (< 200 USD/kWh)
= Negative electrode (lead) Advantages + Capable of high discharge rates
7 + Wide range of sizes and specifications available
B ] Dilute H,SO,
— Low energy density vs other batteries (~70 kWh/m?)
. Disadvantages — Low depth of discharge for standard systems (30-50%)
{?: — Contain toxic materials (lead)
J . > — Limited lifetime (< 1,000 cycles)

Sulfuric acid N
H.SO,




Storage technologies (sodium-ion battery)

Sodium
(Na)

—Beta
Alumina

Sulphur
(5)

(b)

+
e
Discharging| g !
AT T
Naw “}—Nag,
Charging v
S

Advantages

+ + + +

High energy density (~200 kWh/m?)

Inexpensive, non-toxic raw materials (Na, S)

Wide ambient temperature range (e.g. hot climates)

Long lifetime for a sealed battery (4,500 cycles or 15 years)

Disadvantages

High self-discharge in idle state due to need to maintain high
operating temperature (~300-350 °C)

Relatively low discharge rates (systems are optimized for 6 hours
discharge duration)

Safety risk due to high reactivity of sodium with water

Uncertain cost reduction potential with only one leading
manufacturer



Storage technologies (redox flow battery)

Electrode
Electrolyte

Ion-
selective
membrane

tank

Catholyte
Vs

equal )
VOo*/VO; e
AC

\IJ
MO
LA

Electrolyte
tank

Advantages

+++++

Independent sizing of energy capacity and power capacity
Long lifetime (~20,000 cycles)

Full depth of discharge (100%)

Limited degradation during operational life

Large operating temperature window (-20-50 °C)

Disadvantages

Low energy density vs other battery types (~30 kWh/m?)

Relatively immature industry with limited track record

Higher system complexity vs other battery types (e.g. pumps required,
risk of electrolyte leakage)

High share of raw material cost in final product creating exposure to
volatile raw material prices (e.g. vanadium)



Storage technologies (supercapacitor)

Terminal

Aluminium can

Positive electrode
Carbon material
Aluminium collector i
Megative
electrode
Carbon material
Aluminium collector

Separator

Advantages

++++++

High power density (~100,000 kW/m?)

High round-trip efficiency (> 90%)

High cycle life (> 100,000 cycles)

Fast response time

Very little or no maintenance required

Wide ambient temperature range (-40-70 °C)

o o
gI8 0 9 88
®
2 8c0ed|S
Porous e @ Porous
carbon Elertrolyte carbon
electrode : :. . .: : electrade
E—
o0 @
g . @ e:; "
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Electric double-layer
capacitor (EDLC)

Disadvantages

Low energy density (~20 kWh/m?)

Short discharge duration (seconds to minutes)
High self-discharge in idle state (~20-40% per day)
Very high energy specific cost (> 10,000 USD/kWh)



Storage technologies (hydrogen)

Electrolyzer Fuel cell
Electricity
S — —
Water I:l I:l
| L
*I
DZ Dz
H, H,
Charging
Underground

Cavern

Electricity

Water

Discharging

Advantages

++++

Fully independent power capacity and energy capacity sizing
Potential to use existing gas network capacity

High energy density (600 kWh/m? at 200 bar)

Provision of renewable electricity to other energy sectors

Disadvantages

Need for compression to reach sufficient energy density
Low round-trip efficiency for re-electrification (< 40%)
Lack of a dedicated hydrogen infrastructure

High investment cost for water electrolyzers

Production of NO, when burnt in turbine/engine/burner



Storage technologies (lithium-ion battery)

+ ~ Graphite layer

s Copper

o LMO
« Graphite Aluminium

~Li*-lons.
!

~ LiMO layer

——

o Separator

+ High energy/power densities (6,000 kW/m?, 450 kWh/m?)
+ High round-trip efficiency (~85%)
Advantages + Modular sizing
+ Fastresponsetime (< 1 second)
+ Strong cost-reduction potential due to several large markets
— Limited cycle life (~3,500 at 80% depth of discharge)
Disadvantages — Degradation throughout operational lifetime

— Safety risks through thermal runaway

Potential resource scarcity (e.g. Lithium, Nickel, Cobalt)



Storage technologies (lithium-ion battery)

High
power
LFP density
High tigh
safety energy
density
Long Low
clyfce'e cost
I
High
power
LCO density
. High
High energy
safety density
Long Low
cycle cost
life
High
power
NCA density
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sarety density
Long Low
CI)'IFIE cost
ife

High
power
NMC density
High
safety
Long
cycle
life
High
power
LMO density
A
High
safety
Long
cycle
life
High
power
LTO density
High
safety
Long
cycle

life

High
energy
density

Low
cost

High
energy
density

Low
cost

High
energy
density

Low
cost

LFP: Lithium iron posphate
NMC: nickel manganese cobalt
LCO: lithium cobalt oxide

LMO: lithium manganese oxide
NCA: nickel cobalt aluminium

LTO: lithium titanite oxide



Storage: what we're

looking at?

Operational parameters

State of

charge S

Fraction of energy stored
at any moment in time,
measured relative to full @p

capacity

Round-trip
efficiency e

Proportion of energy
discharged over energy
required to charge for %
a full charge-discharge

cycle

Self-
discharge Meer

Unavoidable loss of state

of charge when a storage
system s idle (highly
dependent on usage %
profile - can be measured

per cycle or averaged

across all cycles per year)

Parameter  Symbol Description Unit Parameter  Symbol Description Unit
Design parameters Usable Energy capacity that can

energy Cap, .. be discharged accounting  kWh
Nominal Rated amount of power it for depth of discharge
power Cap, rom that can be charged and kw )
capacity discharged. Energy-to- Usable energy capacity

. E/P divided by nominal power  hours

power ratio )
Power ‘ . capacity
density— 0 Nominal power capacity KW/kg
gravimetric P divided by system mass. . Time to discharge usable

Discharge DD energy capacity at hours
Power duration nominal power. Same as
densitv— Nominal power capacity KW/m3 E/P ratio

y= Po.v divided by system volume.
volumetric )
Maximum rate to
Nominal discharge storage system
ener Ca Rated amount of energy KWh Max.C-rate C relative to its usable 1/hours
capagyty Pe, nom that can be discharged. energy capacity. Inverse of
E/P ratio or minimum DD

Energy ‘ . - -

. Nominal energy capacity Response Time between idle state
;s:\fil::e_tric Pe, gz divided by system mass kWhikg time res and maximurm power secands
Energy : .

: Nominal energy capacity ;
den5|ty—. Pe,vo divided by system volume S
volumetric

Energy capacity that
can be charged/
discharged without
Depth-of- .
discharge DaD severely degrading %...,

nominal energy capacity,
measured relative to full

capacity

Rate of loss in usable
energy capacity incurred

Degradation gegt by cycles and/or time %, peryear;
eg, lapse duetoe.g.changes %, per cycle
in state of charge or
operating temperature
Number of full charge-
Cycle life Life__ discharge cycles before -

end of usable life



Storage technologies (comparison

Cost parameters

Pumped Compressed Flywheel Lithium  Sodium Lead acid Vanadium Hydrogen Supercapacitor
hydro air ion sulphur redox flow
Investment  ,chyw 1,100 1,300 600 250 650 300 700 5,000 300
cost—power i
Investment
cost—energy usb/kwh - C_ 50 40 3,000 300 450 320 450 30 10,000
Operation uspD/
cost—power kW-year Covom =l 1= 5 5 3 5 10 30 1
Operation usD/
cost—energy MWh, Ce.om 04 2 2 0.4 0.4 0.4 2 0.4 0
Replacement | .., 120 100 200 0 0 0 90 0 0
cost—power p.rep
Replacement
cost—energy USDAWh €, 0 0 0 0 0 0 0 0 0
Replacement
interval cydes  Gygg, 7300 1,500 20000  n/a n/a n/a 3,500 n/a n/a
Endoflife  oppw 20 20 20 20 20 20 20 20 20
cost—power . €0
End-of-life
cost—energy usb/kwh  C_ 0 0 0 0 0 0 100 5 o
Discount rate % r Depends on technology, use-case, and investor type—sample value: 8% (mature technology, utility investor)




Storage technologies (comparison)

Performance parameters

Pumped Compressed Flywheel Lithium  Sodium Lead acid Vanadium Hydrogen Supercapacitor
hydro air ion sulphur redox flow
Round-trip
efficiency % Ny B0% 45% B6% B86% 75% 72% 68% 35% 92%
Depth-of-
discharge — DoD 100% 100% 100% 80% 80% 80% 100% 100% 100%
Cycle lifetime cycles LI—fE.cyc 30,000 15,000 200,000 3,500 4,000 900 20,000 10,000 300,000
Temporal
degradation Yo/year Deg, 0% 0% 0% 1% 1% 1% 0.1% 0% 0%
Self-discharge %__ Moy 0% 0% 10% 1% 50 1% 0% 5% 150
Response  coconds T >10 >10 <10 <10 <10 <10 <10 <10 <10
time res
Construction
T years T, 3 2 1 1 1 1 1 1 1
:uwr:-r kW/m? 1 1 3,000 6,000 160 200 5 5 100,000
ensity
Energy - 600
density kWh/m 1 o 50 450 200 70 30 (at 200 bar) 20




Storage technologies (comparison)

1 Short-duration storage Medium-duration storage Long-duration storage
1 year -
1 month -
Hydrogen
1 week - et
1 day - Compressed
s air
= Sodium-sulphur
= Batteries | Redox flow Pumped hydro
T 1 hour - Lithium-ion
& Lead-acid
T
o =
7 h I
= Therma
a : Flywheels
Tmin - W Chemical
Mechanical
1 sec Capacitors EIectrpchemwal
Electrical
100ms -
1 kWh 1 MWh 1 GWh 1TWh

Energy capacity



Storage technologies (use cases

Power
quality

Power
reliability

Increased
utilisation

e

Arbitrage

ol

Type of economic value

Location in power system

Relation to variable renewables: _ ( Indirect ] (Unrelated)

Generation Network Consumption
i my B 7
222 0
Dispatchable Variable Transmission  Distribution Business Private
Frequency Voltage
- regulation support Power quality
( Inertia services ]
CEE—
Peak capacity [ Contingency reserve ] ( Backup power ]
—_— ((__Rampingreserve ]
—
Power reliabili
Black start ( seasonal storage ) ( Y )
|
EE— — ( Demand charge reduction ]
S - - -
— (L seffconsumption )
- Wholesale ( Retail arbitrage )
arbitrage
- (" Time-of-use bill mgmt. )
[—]
- Front-of-the-meter » 4——Behind-the-meter——p
=

Discharge duration (hours)

? 700 Size in MW:
7 Seasonal ) °01 @1 @10
storage (ST) T&D investment R time:
8 - g deferral (TD) @ esponse time:
®>10s © <10s
7 Renewables
integration (RE)
6 Infeasible
Peak  Energy (insufficient
57 Self capacity arbitrage hours per
Power consumption (PO) (EA) year)
4 reliability @ (5O ® O
(RL)
3 Demand charge Congestion
reduction (DR) Management (CM)
2
Black Frequency Frequency High cycle
14 start response (FS) regulation (FG) (HO)
®3) o ® ©
0 LA ) ¥ LA ' L) LI LN | LENLEL I
1 10 100 1,000 10,000

Annual cycles (#)



Storage technologies (use cases)

Phase Description Archetype Deployment Discharge Response

application potential duration time
Pre- Integrated energy market , Mostly :
v <20% 2010 & low-cost nuclear power various @) g12hours ~ Minutes
45 ]
- 1 Restructured energy market Frequency <1 hour Milliseconds
& & reducing system inertia regulation e ) to seconds
[
i)
= Narrowing of peak periods & , Seconds
] -
= 2 reducing RE+storage cost Peak capacity 2-6 hours to minutes
L]
= +
= 3 RE+storage cost lower than Iflenewat‘:'-les ) 4-12 hours Minutes
- other generators integration
L
E = N
>80% No fossil fuel generators & Seasonal - Minutes
\ 4 4 very low storage cost storage >12 hours to hours

E} low mid @high uncertain



Costs of storage (principles)

Costs = raw materials (incl. energy) + manufacturing

=> We follow: supply chain development + experience curve



Cost of storage (materials)

(a) LFP-G (b) NMC-G
Phosphoric acid ¢ i

Weight: 8%
' Cost: 2% ' ' '
B Anode & Cathode A Electrolyte

® Current collectors & Other pack components 1ponents



Costs of storage (material availability)

Raw material availability Unit Lithium Cobalt Nickel Vanadium
World annual production Mt 82 140 2500 86

World reserves Mt 21,000 7,100 94,000 22,000
World resources Mt 86,000 25,000 300,000 63,000

Production potential

(based on resources) Unit Lithium Cobalt Nickel Vanadium
Material intensity in battery kg/kwWh 0.139 0.394 0.392 34
Potential electrical energy

storage capacity TWh 619 63 765 19
Number of electric vehicles bn 12.4 1.3 15.3 n/a
Multiples of stationary " 619 63 765 19

capacity projected for 2030




Costs of storage (material availability

The world produced roughly 2.8 billion tonnes of metals in 2021.
Here are all the metals we mined, visualized on the same scale.

IN 2021

IRDN DRE ‘ ' = 1,000,000 tonnes

2600000000 tonnes LARGEST END-USE Stssimaking @ @ ARoyiog Agents
|2r0nOre Energy/Batteries Magnets Electronics Other
6B

INDUSTRIAL METALS TECHNOLOGY AND
181,579,892 tonnes PRECIOUS METALS

1474889 tonnes

fhm”
ni
dom ™

. . " . *Ore production does not reflect actual metal production **Smelter/refinery production. R ts titanie ineral trate production.
ELEMENTS [0 Sl L L ke e Tk ot e dats RIS A I R A P ELEMENTS.VISUALCAPITALIST.COM




Costs of storage (material availability)

A Ore extraction IEA NZE and
sensitivity recycling

Current

recycling

%ﬁ’;g‘agww

77

Ore extracted (Mt)

technologies

2025 2030 2035 2040 2045 2050

B Coal

Bl On-road battery MM Solar PV

B Wind Power % Other technologies
& infrastructure®

Ore extracted (Mt)

Ore extraction compared to actual
coal consumption and sensitivity
12 500
12 500 1
Potential ore
F
10 000 1 S
nickel, zinc
8 400
7 500 A 6 800 ]-
|
— Substantiall
5000 - = impmvedy
recycling
core
technologies
2500 -

0 B
2021 Coal 2021 Coal 2040 Uncertainty

(Actual (NZE) (NZE)
Il Coal B Wind power M| -,
M On-road battery Electricity networks Other®

B Solar PV EV motors



Cost of storage (price sensitivity)

(@) LFP-G (b)

NMC-G
Change in raw material price Change in raw material price
-100% 0% 100% 200% 300%
-100% 0% 100% 200% 300% — ———
! ’ ' ' ' -2.5%
. -1.4% Cobalt “ .
opper (37.2 $/kgq)
-4, +2.8% +5.5% +11.1% +16.6%
(6.7 $fkg} 2% -5.0%
-2.8% -2.0%
Nickel ..
o -2.2% -0.7% +3.0% (14.9 $/kg) D 0%
Aluminium Y ® . .
-1.3%
(1.9 $/kg) -1.5% +1.5% Copper 3.9% ¥2.6%+52%  +103%  +155%
(6.7 $/kg) o
L . -2.2% -0.7% +3.0% ~1.9% -0.6% +2.5%
Lithium hydroxide +6.0% +9.0% Aluminium 0o 0 O . .
(7.0 $/kq) -1.5% +1.5% (1.9 $/kg) -1.3% +13%
ithi Lithium -1.8% -0.6% +2.4%
]lc‘l'th'”m rr:exah -1.6% -0.5% +2.1% hydroxide @ &
uoro phosphate 4A.3% +6.4% (7.0 $/kg) -1.2% +1.2%
(13.5 $/kg) -1.1% +1.1% Cranhit -1.1% -0.4% +1.5%
(Zr-gpf’vf Lge) .-0%%. m%% ® +g¢, .
. =-1.2% -0.4% +1.6% |
Graphite Q0o o @ *.'6 . -0.9% -0.3% +1.2%
(2.0 $/kg) ~0.8% +0.8% Manganese &
(2.4 $/kg) -0.6% +0.6% +2.4%




Cost of storage (price sensitivity: the example of PV)
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Cost of storage (experience curve

(a) (b)
100,000
Growth rate:
—— High
~ 10,000+¢ Central
£
E —— Low
1_3' 1,000 +
(=}
L1+ -
ﬂ'— L
i}
- 100 %
L
o
7]
= 10 ¢
Experience rate:
1 ' ! N .
2010 2020 2030 2040 2050 Low: 16%
—— Central: 19%
(d) (c) — High: 22%
$1,000 $1,000
- Low growth, low experience
- ==~ Low growth, central experience ¥
E $800 A Central $800
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o
=
a
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S
=
2
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Transition pathways

* How much renewable production?
* How much storage capacity?

* What technologies?

* Where they are sourced?

* When? At what sequence?



Political economy

* Who will benefit from the new value chain?

 Who will benefit from the new energy system?



Value chain (geographical distribution)

Mining Processing Manufacturing

100%

80%

60%

40%

20%

0%
Lithium  Nickel Cobalt Graphite Lithium  Nickel Cobalt Graphite Cathode Anode Cell Vehicle

M China DR Congo & Australia MIndonesia MEurope M United States South Korea WM japan Russia Rest of World



Political economy: who will win the transition?

BATTERY COSTS

S/kilowatt-hour
N
(9]
o
,"///
'
(00}
=
o~

100% solar, wind,

100% SWB System Cost ($)

|
.......

......
......
S S - S -
4411+

1x 2x 3x 4x 5x 6x 7x

Source: RethinkX


https://static1.squarespace.com/static/585c3439be65942f022bbf9b/t/5fa57fc9d228a73c73ec4669/1604681700368/Rethinking+Energy+2020-2030.pdf

Political economy: who will win the transition?

100% Solar, Wind, and Batteries is Just the Beginning

100% SWB systems naturally produce a huge surplus of clean energy
al near-zero marginal cost that we call Super Power.

Super Power + 20% Investment Super Power will disrupt all existing uses of energy
Additional investments + 100-200% Super Power
in generation yield

disproportionately large
returns of Super Power

Energy California (TWh)

Electricity Generation (TWh)

Super Power is available on most days of the year

aﬁ a ﬂ i m a Super Power will create new growth opportunities
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