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Send them in via the Q&A tab. (3 We aim to
answer as many as we can today!

You can also let us know of any tech problems
there.

We'll let you know by email where to find it
and the slide deck, so you can re-watch it at
your convenience. §§) @
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A new geopolltlvcs of hydrogen?

Yana Zabanova, RIFS Potsdam
,Geopolitics of the Energy Transformation — Implications of an International Hydrogen Economy" Project

4 May 2023, pv magazine Webinar | Greening hydrogen, the promise beyond the hype
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“...the Russian invasion of
Ukraine has put an end to
the globalization we have
experienced over the last

three decades.”

Larry Fink, CEO of Blackrock, on 24
March 2022
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Hydrogen for energy security

"We must become independent from
Russian oil, coal and gas (...). The
quicker we switch to renewables
and hydrogen...the gquicker we will
be truly independent and master
our energy system.”

17, =

EU Commission President Ursula von der Leyen

presenting the REPowerEU plan, 18 May 2022,
Brussels
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Caixa Research: by 2030, green
hydrogen could replace up to 17.4%
of the 155 bcm of Russian gas imported
by the EU in 2021
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A new geopolitical and geoeconomic order?

= Liberal international order: interdependence as an asset and the ,glue" of globalizatio

= Today: interdependence increasingly viewed as a security risk

= ,Weaponized interdependence": States with political authority over central economic
nodes “can weaponize networks to gather information or choke off economic and
information flows, discover and exploit vulnerabilities, compel policy change, and deter
unwanted actions.” (Drezner 2021)

= Strategic autonomy and resilience are prominent motivations
= Friendshoring/ allyshoring
= Potential tradeoffs:
= technological fragmentation
= higher barriers to investment
= costly supply chain reconfiguration
= efficiency losses
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A global green (subsidy) race?

Policy priorities:
= Promoting green manufacturing and technology leadership
= Securing access to clean energy to preserve industrial competitiveness in the future

USA: Inflation Reduction Act (2022), 369 billion USD, including 270 bn USD in tax incentives
= Hydrogen tax credit of up to 3 USD/kg
= Domestic content requirements

EU: Green Deal Investment Plan (incl. Net Zero Industry Act), 2023

= Electrolyzer manufacturing capacity target: 50% of renewable and fossil-free hydrogen
annual deployment needs

= European Hydrogen Bank: 3 bn EUR budget; 800 min EUR for the first auction (2023),
fixed premium subsidy up to 4 EUR/kg

= But: institutional and legal obstacles, lack of unity among Member States
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Global green division of labour: what about H2?

o
O

Patent innovators

Source: Lachapelle et al (2017) The clean energy global division of labour
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Patent innovators

Share of international patenting and revealed technology advantage by main world regions and value chain segments
(IPFs, 2011-2020)
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Installers

More than 680 large-scale hydrogen projects have been announced globally, April 2023:
with a focus on production, industrial usage, transport, and infrastructure. P )

684 announced megawatt-scale projects’

Total electrolyser projects in
development:
1,125 GW

R Europe's share: declined to 56%

\ o R from 64% in October 2022
684 Ny P

Announced Largest project pipeline capacity
MW- rojec . . .

08 Nomgh froaec’s I SR SRR increase: North America

154 Asia and China

314 Europe

54 Qceania

25 Latin America
34 Middle East and Africa

... but only 19%b0 of projects

_ currently in construction!
Source: McKinsey (2022), data as of May 2022

Source: Aurora Energy Research (2023)
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Manufacturers: Electrolyser manufacturing capacities by region
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Future hydrogen partnerships: exports vs. domestic

value capturing

Africa is well equipped to tap the hydrogen opportunity with immense

renewables endowments
Renewables potential in Africa

Solar power potential, kW hours/kW peak
<1,500 BN - <00

28-36%

Capacity factors!

Source: Africa’s Green Hydrogen Potential (data taken from Global Solar Atlas;

Wind power potential, m/second

<17l >0

26-51%

Capacity factors!

Global Wind Atlas; McKinsey Hydrogen Cost Optimization Model)

South Africa:
producing direct
reduced iron (DRI);
domestic
manufacturing of H2
technologies using
PGM (,Platinum Valley"
industrial cluster)

Morocco: green
fertilizer from
domestically
produced ammonia

Research Institute for Sustainability — Helmholtz Centre Potsdam
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https://climatechampions.unfccc.int/wp-content/uploads/2022/11/AGHA-Green-Hydrogen-Potential-v2_Final.pdf
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Company Snapshot

Clean Energy Associates is a technical advisory company that provides unrivaled insight into the solar PV, energy storage
and hydrogen manufacturing industries to ensure the success of solar PV, storage and electrolyzer projects worldwide.

1 g OOO+ Client engagements in 70+ countries
Years of industry -~ C i , )
experience Supply Chain Management

(eb) [Tl
200+ - 2
c =
Professionals % CDD
— 5
L= 15+ GWh Q
Engineers o of Experience )
I @ Engagements in 350+ solar and storage factories worldwide
13 3 <
= 0O Proud member of:
Year track record ] 8
Quality Assurance *_
e AMERICAN
1 3 SEIA::" |CLEAN SolarPower @WRISE
Countries with a ember PQWER| P St ey

physical presence
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Supply and demand

Scaling up
Levelized Cost of Hydrogen (LCOH)
Q&A
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Production methods and potential use

1. Supply and demand

cases for green hydrogen




Hydrogen: the Element

Hydrogen is the lightest, simplest and
most abundant element in the universe:
~75% of visible matter).

It is mostly found in chemical compounds,
and, notably, water: 1 liter of water
contains 111 g of H,

Hydrogen is an energy carrier. Combined
with oxygen, it releases a lot of energy and
no carbon dioxide.

Hydrogen has a wide flammability, 4%-
74% In air, 4%-94% in oxygen, and special
precautions are needed to handle it.

Oxidation:

H

Hydrogen
1.90784
p:1

n:g

2H,0 + energy --> 2H, + O,
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Hydrogen as Energy Carrier

12

Hydrogen is very energy dense by weight: 33.3

kWh/kg*, compared to gasoline’s 12.9 kWh/kg. ) .'
However, hydrogen has very low volumetric -
density: only 1.25 kWh/L (compressed at 700 - o -
bar) vs 9.5 kWh/L for gasoline. : 6 i °.
Hydrogen can be liquified at low temperatures e

@ Methanol

(-253 °C), and reach 2.35 KWh/L, or 25% of 4 B oirsaine
gasoline’s volumetric density, but this has high

@ cnG :
energy cost (~-30%) and storage cost. : -0

Stored CH2
0

Ammonia is another potential hydrogen carrier, it J 2 = e - = %
has fair density, but relatively high energy cost: SPacIRc anergy QOWIIG)
~-40% to make it and ~-30% to convert it back to S

hyd rog e n ] »\f’;k’{\ of the storage equipment is included \
Source: IRENA
*LHV (Low Heating Value)
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Supply and Demand Pathways

94 Mtpa of H, were produced in 2021,
almost all coming from fossil fuel based
chemical processes, to be used in oll
refining, ammonia, chemicals and iron
production.

About 10 kg of CO, is emitted for every 1
kg of hydrogen produced from natural gas,
and hydrogen production from fossil fuels
directly contributed to ~ 2.5% of total global
CO, emissions in 2022.

IEA's Announced Pledges scenario,
predicts 130 Mtpa of hydrogen in 2030, with
~15% coming from water electrolysis.

*Mtpa = million tons per annum

Global hydrogen 2021 Usage (Mtpa)

Methanol Electricity
15.5% generation
0.32%

Steel industry
5.5%
Ammonia
35.8%
Transport
Other 0.03%

ini 0.6%

Rglr;[;)g Others °
. 0.95%

= Refining = Ammonia = Methanol = Steel industry = Transport = Other = Electricity generation

World hydrogen production by production route

Units: MtH/yr

Dedicated nuclear
electrolysis
edicated offshore wind
ectrolysis
edicated onshore wind
ectrolysis

edicated solar
electrolysis
rid connected electrolysis
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Hydrogen Colors

To be clean, Hydrogen needs to be produced
by processes that do not use fossil fuels.

Electrolysis used to be the main hydrogen
production process until the sixties, then the
natural gas reforming process matured and
gradually achieved the lowest cost, currently at
$1-1.8/kg.

With the advent of very low-cost renewable
electricity, renewable (green) hydrogen can
look up at achieving similar or lower costs than
fossil fuel based hydrogen in the next 3
decades.

Blue hydrogen, which is fossil fuel derived with
carbon capture, is heavily promoted by the oil
and gas industry, however, carbon capture and
storage technologies are not mature yet and
methane leaks could further reduce its
effective capacity to overall mitigate
greenhouse gases.

RENEWABLE NUCLEAR NATURAL
ENERGIES ENERGY GAS
\‘j i\°

SOURCE
»

HYDROGEN
PRODUCTION
METHOD

STEAM METHANE
REFORMING

CAPTURED AND
5 N\lIJVS« LS%% R STORED
co,

v v
'He 'He 'He

N
06 06
aro" ﬂ ﬁ

EMISSIONS
(o]

o6 N oéN

avof avoF

GREEN PINK GREY BLUE BLACK/BROWN
HYDROGEN HYDROGEN HYDROGEN HYDROGEN HYDROGEN

Source: CIC energiGUNE
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Quick Primer: The Electrolyzer Technologies

Alkaline

Alkaline

02 DT gencrator H
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Electrolyte Solution (KOH)
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« Mature

 Lowest cost

« Easy to scale up

 Abundant raw
materials

DOC generator
A

I v

0,+ 4H; 2H

| Proton Exchange Membrane

2

Ht
Anode Cathode

2H.0

z

4H*

electrode
electrode

« Mature

» High cost

» Easy to scale up

* Scarce raw
materials

AEM

Anion Exchange Membrane
DL generator

Ao

| v

Cathode

SOEC

2H, , 40H

Not commercial
Potential for low
cost

Abundant raw
materials

Solid Oxide

DC generatar
de

| v

2H,+20%

Cathode

2H,0

2

Not commercial
Highest efficiency
Must run
continuously
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The Many Potential Uses of Hydrogen

The applications of hydrogen _ | N  tertek
are many: from chemical Intertek Hydrogen Lifecycle i T s | s e hgdrog@
feedstock, to cleaning the

steel industry, re-purposing

natural gas infrastructure and

power stations, powering St
ships, aviation and
transportation and even

Production ——————————— Storage and Distribution ——————————— End-Use Applications

Green
Hydrogen
ﬁ \\'

es Across the Hydrogen Lifecycle

i : s ot o Sy " 3.ue
. ydrogen
making green synthetic fuels. 3 ; - A
]
wv A,
é ‘\l Grey
g Hydrogen

’,
o .
N, %,
~\'% %

.\ 2 3

2\ & @ ¥ %
] J o
& 3

Natural Gas  Crude Ol Coal ccus
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The Sensible Uses of Hydrogen

However, not all applications Unavoidable
are economical, feasible, or 4
even mature an d there |S a |O t n“ [Fertiliser][Hydrogenation ][Methanol][Hydrocracking][Desulphurisation]

E ‘ ‘ [Shipping'] [Off-road vehicles ][Steel ] [Chemical feedstock] [Long-term storage ]

[Long-haul aviation® ] [Coastal and river vessels ] [Remote trains ] [Vintage vehicles™ ] [Local CO2 remediation ]

of speculation (“hype”)
regarding the volumes to be \
needed in the future. R

[Medium-haul aviation"] [Long distance trucks and coaches ] [High—temperature industrial heat ]

[Short-haul aviation ] [ Local ferries] [Commercial heating ] [lsland grids ][Clean power imports ] [ UPS ]

_ ‘ ‘ [ Light aviation ] [ Rural trains ] [Regional trucks ] [Mid/Low-temperature industrial heat ] [Domestic heating ]
_ “ [Metro trains and buses ] [ H2FC cars ] [Urban delivery] [2 and 3-wheelers ] [Bulk e-fuels] [Power system balancing ]

Michael Liebreich' s hydrogen
ladder Is a nice visualization of
how its uses should be
prioritized.

Un'competitive

* Via ammonia or e-fuel rather than H2 gas or liquid Source: Liebreich Associates (concept credit: Adrian Hiel/Energy Cities)
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Can electrolyzer suppliers meet current
and future market expectations?

2. Scaling up

Electrolyzer manufacturing and

economics




Global Needs for Green Hydrogen: Can we Meet Them?

According to IEA's Net Zero Scenario, by 2030 hydrogen
production should reach around 180 Mtpa, with nearly half of

that demand coming from new applications, particularly in heavy

industry, power generation and the production of hydrogen-
based fuels.

In the Net Zero Scenario, low-emission hydrogen production
accounts for ~95 Mtpa, more than half of global hydrogen
production by 2030. Around two-thirds of this production is
based on electrolysis, whereas another third is hydrogen
produced from fossil fuels with CCUS*. This will require an
installed capacity of more than 700 GW of electrolyzers (50%
capacity factor, with coupling of wind and solar energy).

CEA's capacity data show that by 2030, the cumulative
electrolyzer capacity will be ~270 GW, therefore the global
hydrogen quantity produced by water electrolysis will be only
about 22 Mtpa (50% CF & coupling of wind and solar energy),
which accounts for just one third of the global green hydrogen
production target of about 62 Mtpa.

*CCUS: Carbon capture, utilization and storage

Global hydrogen production by technology in the Net Zero
Scenario, 2019-2030 (Mtpa)

200
180 R
160
140
120
100
80
60
40

20

2019 2020 2021 2030

M Fossil fuels without CCUS  ® Fossil fuels with CCUS By-product Electricity =~ M Bioenergy

Data source: IEA
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Global Manufacturing Capacity

Nameplate Capacity (GW) by Year and Factory Region

* China, Europe, and US will be leading the
capacity expansion race, contributing to over
90% of the total electrolyzer manufacturing
capacity by 2030.

2022

« CEA's Forecasted Capacity applies 60%
discount over the announced nameplate
capacity expansion plans for China, Europe,
and Asia (non-China) based manufacturers,
due to on-going and foreseen policy and
demand uncertainties.

]
9 2025

2030

* No capacity discount is applied for US based
manufacturers, with IRA being the most ‘ & “ “
aggressive and executable clean hydrogen
incentive program so far. However, US’'s PEM Source: CEA data, compiled from nameplate capacity, current and announced
focused supply chain may face bottlenecks
coming from potential catalyst metal shortage
and more urgent cost reduction targets
compared with alkaline systems.

IRA: Inflation Reduction Act
Note: As most announced capacity expansion plans are short-term and don’t go beyond 2025, we applied a growth factor between 2025-2030, based on what PV experienced in 2015-2020.
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Global Manufacturing Capacity

Looking at technology approaches we can
see that:

« China is heavily focused on alkaline
technology, with only a small part
dedicated to PEM. China has not
adequately invested in PEM R&D in the
past, and costs are expected to remain
very high.

» Europe has an almost equal blend of
alkaline and PEM, due to strong players in
both technologies.

« The US seems to be strongly focused on
PEM and some SOEC, due to strong local
players.

» Rest of Asia is split between alkaline and
PEM.

CEA Forecasted Capacity (GW) by Year - China CEA Forecasted Capacity (GW) by Year - US

2025 5.0

Year

54.0 2030

Technology ®PEM ®SOEC

CEA Forecasted Capacity (GW) by Year - Asia, non-China

0.5

-\?DII: 24.3 -

CEA Forecast CEA Forecast
Technology @ AEM @ALK ®PEM @ S0EC Technology @ALK ®PEM

Source: CEA data, compiled from nameplate capacity, current and announced

15.3

7.7
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The Scaling up Challenge:
Annual Shipments Of Electrolyzers Must Increase ~100X by 2030
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2022 (~1 GW)




Water Electrolysis Hydrogen Production System (Alkaline)
A Complex System

ELECTRICAL
EQUIPMENT

Transformer Rectifier PLC Low Voltage Distribution Cabinet

HYDROGEN
PRODUCTION
EQUIPMENT

[ARE-R

Compressor Air Unit Cooling Water Unit Deionized Water Unit Nitrogen Purge Unit Alkaline Solution
Preparation / Recovery Unit

AUXILIARY UNITS

Clean Energy Associates - Greening Hydrogen, the Promise Beyond the Hype
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Alkaline Technology Costs (China)

For alkaline systems, the stack contributes to 46% of the
system cost, with machined parts and electrodes being
the most cost-intensive components.

Machined parts include electrode frames, end plates,
and bipolar plates, which are mainly composed of nickel-
plated carbon steel. In addition to the cost of raw
materials, the cost of steel processing and nickel plating
are also included.

Alkaline systems’ BOP is slightly more complex than
PEM systems due to the use of strong corrosive alkaline,
which necessitates additional alkaline stripping tanks and
the alkaline solution recirculation system.

Balance of Plant (BOP): everything else apart from the electrolyzer stack

Grand Total
$330/kw

ther

3%
Diaphragm
Power 1%
Supply 27%

Electrode

BOP Total » -
7 Stack Total 27%

PLC 7%

Purifier g
-

22%

Support
echanism Mesh 13%
9%

Source: CEA data and cost models
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PEM Technology Costs (China)

For PEM systems, the stack contributes to a large
percentage of the system cost. The use of costly
catalysts and more complicated flow channels on the
bipolar plate adds to the cost of stack significantly.

The high cost of electrodes in PEM electrolyzer stacks is
mainly from the iridium and platinum catalysts in the
MEA (Membrane Electrode Assembly), and the titanium
used in bipolar plates and anode gas diffusion layers.

More complex stack interconnection and higher pressure
from PEM differentiates its BOP compared to alkaline
systems.

BOP 26%

Grand Total
$950/kW

pLC6% '
BOP Total 4

Gas Seperaiioh
22%

Source: CEA data and cost models

Clean Energy Associates - Greening Hydrogen, the Promise Beyond the Hype
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Economics and Competitiveness:. CAPEX

Currently, global electrolyzer shipments are only a
few hundred MW per year, with the great majority
being alkaline and the 10 top suppliers supply 90%
of the volume.

Chinese manufacturers have focused on alkaline
technology and achieved very low costs, due to high
factory utilization and mature supply chain.

Scaling up of production may see western and
Chinese costs converge by 2030.

PEM has a long way to go to reach alkaline costs.

Electrolyzer System CAPEX Forecast
1400

1200

1000 |

800

600 ®

400 ®

200 :

0
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

@ Chinese Alkaline $/kW @ Western Alkaline $/kW @ Chinese PEM $/kW @ Western PEM $/kW

Sources: Chinese electrolyzer CAPEX from CEA data and cost models
Western electrolyzer CAPEX from BNEF and others
Note: CAPEX includes stack and balance of plant

Clean Energy Associates - Greening Hydrogen, the Promise Beyond the Hype
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_ Drivers: LCOE, utilization and Capex
3. Levelized Cost of ’ ol os with
Hydrogen (LCOH) ow renewable energy couples wi

electrolyzers in cost effective ways
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Economics and Competitiveness: LCOH (Levelized Cost of

Hydrogen)

Current LCOH levels favor fossil fuel (Grey/Brown)
hydrogen. The volatility of natural gas prices has driven
the LCOH much higher recently, however, in the long
term, fossil-derived hydrogen will remain low cost,
unless it gets carbon-taxed.

Green hydrogen must get competitive to quickly gain
market share. PV and wind have proved that state
support can help at early stages.

A combination of subsidies and regulation are needed
in the first years, so that electrolytic hydrogen produced
with low, or zero carbon, low cost electricity becomes
competitive.

S/keg

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5

Fossil fuel hydrogen
1.0

0.0
2019

Source: BNEF and others
LCOH: Levelized Cost of Hydrogen

Large Scale Renewable LCOH Forecast

2030

2050
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Economics and Competitiveness: LCOH (Levelized Cost of
Hydrogen)

Electricity price USD 40/MWh

7.0
6.5
Major factors affecting LCOH are: 6.0
T 55 USD 250/kW
CAPEX %i'g USD 350/kW
. @ USD 450/kwW
Electricity cost (LCOE) >4 P
Utilization rate aka Capacity Factor (number i uep esara
0 2000 4000 6000 8000
of full load hours / 8,760) e
At high utilization, CAPEX plays a lesser role
_ . CAPEX USD 450/kW
However, at mid-and low range utilization, 10
. . 9
which are a better fit for renewables, CAPEX g -
becomes very important. o 6 UDS 20MWh
. é i USD 40/MWh
LCOE prices below $25/MWh are needed for - 3 USD 60MWh
USD 80/MWh
breakthroughs. ! e
o ] 0 2000 4000 6000 8000
Even at $0/kWh (free energy), at 20% utilization, Full load hours
LCO H IS $1 ' 6/kg ' Source: CEA data, based on electrolyzer efficiency at 74% (LHV), 25-year

asset life, 0.25% degradation rate per 1000 hours, 6% WACC
LCOE: Levelized Cost of Electricity
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LCOH: Alkaline vs. PEM

4.00 Lifetime: 25 years; Utilization Rate: 30%; LCOE: $28/MWh
Electricity cost accounts for more than 60% of the LCOH

share for alkaline systems and more than 40% for PEM. 350
The scale effect shows a decreasing trend for both 3.00 -
CAPEX and O&M items. About 10% LCOH reduction is
achieved from scaling an alkaline system from5 MW to g **
100 MW. B
& 2.00
For a 5 MW PEM system, the LCOH over 25-year life §
span is about 30% higher than an alkaline counterpart ~ A
because the high CAPEX for PEM system. N
As the existing projects of PEM remains in the single
digit MW-level, it's hard to estimate the scale effect for ="
PEM systems quantitatively. . . -

5MW ALK 40MW ALK 100MW ALK 5MW PEM

m CAPEX - System ®CAPEX - EPC = OPEX - Fixed O&M m OPEX - Cost of Electricity ®m OPEX - Cost of Water

Source: CEA data and cost models
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LCOH: Utilization Rate and LCOE

Utilization rate is decided by the power supply conditions
and directly impacts the operating time of the electrolyzer

system.

LCOE plays a dominant role in deciding LCOH at higher
capacity factors.

Alkaline electrolyzer with lower CAPEX shows better
economies than PEM in a wide range for utilization rate
and LCOE.

Designing for minimized LCOH is not always possible.
Physical limitations: water and power supply constraints.

Commercial limitations: electricity PPAs and hydrogen
offtake agreements.

10

Utilization Rate and LCOE on LCOH
(5MW Alkaline System with CAPEX of $330/kW)

w N
o o
LCOE ($/MWh)

N
o

10
60 70 80 90 100

Utilization Rate (%) LCOH ($/KG H,)

Utilization Rate and LCOE on LCOH
(5MW PEM System with CAPEX of $950/kW)

50

40

30

LCOE ($/MWh)

20

10
60 70 80 90 100

Utilization Rate (%) LCOH ($/KG H,)

H$1.00-$2.00 =$2.00-$3.00

$3.00-$4.00 =$4.00-$5.00 = $5.00-$6.00

Clean Energy Associates - Greening Hydrogen, the Promise Beyond the Hype
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Q&A




Thank You

Company: Clean Energy Associates

Website: www.cea3.com

Email: info@cea3.com

The information herein has been prepared by Clean Energy Associates, LLC (“CEA”) solely on a confidential basis and for the exclusive use of recipient, and should not be
copied or otherwise distributed, in whole or in part, to any other person without the prior written consent of CEA. No representation, warranty or undertaking, express or implied,
is made as to, and no reliance should be placed on, the fairness, accuracy, completeness or correctness of the information or the opinions contained herein. The information
herein is under no circumstances intended to be construed as legal, business, investment or tax advice. Neither CEA or any of its affiliates, advisors or representatives will be
liable (in negligence or otherwise), directly or indirectly, for any loss howsoever arising from or caused by the understanding and/or any use of this document.
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The latest news
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: Low-cost, portable sun-tracker for offgrid
’ solar

by Emiliano Bellini

Study shows n-type bifacial TOPCon cells
more prone to degradation than p-type
by Emiliano Bellini




Coming up

10-11 May 2023 Tuesday, 16 May 2023
World Trade Center Barcelona 3:00 pm —4:00 pm CEST, Berlin, Paris, Madrid
Barcelona, Spain 9:00 am —10:00 am EDT, New York City

Solar + Storage
Espana

Mounting big
modules on
rooftop PV

pv magazine

Many more to come!

In the next weeks, we will continuously
add further webinars with innovative
partners and the latest topics.

Check out our pv magazine Webinar
program at:

WWW.pv-magazine.com/webinars

Registration, downloads
& recordings are also be
found there.
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Thank you for
joining today!
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