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DRIVERS OF THE HYDROGEN ECONOMY

Various
supporting
factors are now
aligned to make
it “different this
time” for the
Hydrogen
Economy

Global Final Energy
Consumption

Electricity s

Molecules

Fundamental
characteristics of
Hydrogen (as molecule-
based energy carrier)?!

Improvements in
underlying electrolyzer /
fuel cell technologies &
costs

Ongoing cost declines for
REG

Can ride coat tails of other

success stories (REG, EVs

=)

Can address hard-to-abate
CO2-generating sectors -
“net zero”

Can contribute to a wide
range of environmental
policy objectives

Supports continued REG
deployment

"no carbon, high energy density (by weight)

Source: CleanTech Capital Advisors




97% of H2
production
today comes
from
hydrocarbons
and is carbon-
intensive

“Hydrogen
Economy”
relates to “Blue”
& “Green” H2

While 100% CCS
doesn’t exist,
Blue H2 is
generally seen
as an
acceptable
transition to
Green H2

Its greater purity
makes Green H”
more suitable
for fuel cells

HYDROGEN CATEGORIES

2020 2030
o)
Green
\9'1 Ox electricity
Natural Natural
gas Hydrogen gas Hydrogen Water Hydrogen
=

Zero Carbon

Carbon-emitting Carbon-neutral / Low carbon

‘black” = coal
“grey” = natural gas
‘brown” = lignite

H2 Purity

Source: The World of Hydrogen ; CleanTech Capital Advisors 3

" with ideally 100% carbon capture is “carbon-neutral”; in reality is “low-carbon” (60%-90%)



HYDROGEN ECONOMY SUPPLY CHAIN

The H2 supply HYDROGEN PRODUCTION OPTIONS
chain involves

inci SOURCE Power + water Natural gas Biomass
principally R
- Production -
- Transport HYDROGEN - - e Gasification or
.S torage PRODUCTION Electrolysis Reforming Gasification Nioitges reloting
Many different QECARBONIZATION Low—calri‘)on Carbon capture : Carbon ¢
Supply chain MEASURE electricity and storage (CCS) | and storag
options exist

S TRANSPORTATION STATE OF TRANSPORT

and will co-exist OPTIONS Kihaion ot
for the HE ' '

storage
Compressed _ Compressed
hydrogen hydrogen tanks

Pipeline
infrastructure

Cryogenic liquid Liquid hydrogen
hydrogen tanks

Ammonia tanks

2 Rail/Barge

Liquid organic Liquid hydrocarbon
hydrogen carrier tanks

Source: DNV GL 4 I



HYDROGEN PRODUCTION METHODS

b

Multiple exl'sting Energy source Conversion

and emerging

pathways for

high-volume e using :

production of H2 elec- Electrolysis
tricity

Steam reforming r

(SMR) if > Biological

hydrocarbons is

the dominant

method today

Gasification

“ Pyrolyses

SMR

b

Source: The World of Hydrogen 5



CURRENT HYDROGEN APPLICATIONS

Chemicals
Refineries the I
principal ) T
consumers of
H2 today Oil refineries Chemical industry Treatment Liquefied hydrogen
31% 63% 6% <1%
' Ammonia 53% Direct recovery
= Hydoaacking | (carbamide, fertilizers) 1 of iron ore F=>{ Rocket fuel
|| Hydrotreating, = i 8% ) Moulding and = Semi-conductor industry
e.g. desulphurization of fuel (DME, acetic acid, shielding gas (including photoelectrical)
MTO, MTG)
p{ Polymers 2% ey Gas production —! Car fuel
Lignin hydrolysis
Wl Hemicellulose: hydrogena-
i3l tion of mannose, xylose
"l Furfural cellulose: for
g example, hydro glucose or  [™] Polyurethanes
= fructose hydrogenating
[~ Jll dihydroxylation, hydroc-
racking of sorbite

Oxo alcohols,
fatty acids, SNG

Source: DECHEMA: US DoE: Fair-PR: Linde c I



HYDROGEN MARKET POTENTIAL SIZE

&

Most observers Estimated annual demand for H2 (2050) [Exajoule] Current annual demand [Exajoule]
expect the H2
market to Qil
become very 195 EJ
large,
approaching
traditional fossil
fuel sector sizes
78 EJ
s (Hydrogen
Council)
‘ll
| 15-39EJ
/' (DNV GL)
5-39EJ
(BNEF)
B

Source: Hydrogen Council 2017: BNEF 2019; DNV GL 2018; Shell 2018: IEA 2019; BP 2019 7



HYDROGEN (POTENTIAL) DEMAND [EJ] - 2050 C‘%

Growth is

expected to \

come principally . \ Power generation,
from new E“g/ buffering
energy-related 4

applications, in :&% Transportation
particular within -

Transport &

Industrial . % Industrial ener.
sectors EH -

:.x_j\} Building heat
’ and power
.\ New feedstock
= (CCU, DRI)

78

E—
14 [
e L e
2015 2020 2030 2040 2050
g I

Source: Hydrogen Council



LONG-TERM COMPETITIVENESS TRAJECTORY

G

— Hydrogen is competitive in "“"Hydmoenismeﬁﬁwm
average conditions and regions optimal conditions and regions
Heavy duty
vehicles and 2020 2030 2040 2050 Segment Low-carbon
Industrial Heat _ O O O O competition’
s Regional train
expected to .be o Heavy-duty frud
among leading e Medium-duty trucks
inltlal . ssscease Vansforurbaldellvery
applications for sessa Urban bus (long distance)
HE sesessnase Urban bus (short distance)
esssanaes Small ferry Trans- Battery vehicles
SRR i e portation  Biofuel (for
- ¥ I | 23X Eiin
L vliicle aviation and large
L] :: S[;Vge fen'y)
Now seune Mid-size short range vehicle Electric catenary
vewe Mid-size long rangevelude (tra|ns)
hydrogen SUSIIEBNISIREE Carpac(urbancar
applications SeasEe Synfuel for aviation
ssswn Forklifts
ssvses 5"‘5‘5“9 network Heatand Biogas
. .t seesame BI:K’I {erglwu k ?ﬁ polwe‘f for Natural gasfcoa'
asmpscsasmRcaa CHPs bulldlﬂgs with CCS
etnn S|rrple cyde turbine
SeCANEBA OGS AT S S s EEEE—— %nedqdehj‘bme Hisat and Heatpumps
CAPPAAESANAGAERPAGEERNAGEERRRARERRAE Re(mtpemat'm powerfor
PEsdacbandaedE Mld.gradeheamg indUStry
| "9 e e PP aE—— ngh-gracbheatlng
H 7] aadsre St*l
E)y((l:lsrtci)zgn Ammonia Industry  Natural gas
S Methanol feedstock gzl
applications Refining

1. In some cases hydrogen may be the only realistic alternative, e.g. for long-range heavy-duty transport and industrial zones without access to CCS

Source: Hydrogen Council 9



HE rollout is a
multi-decadal
process

Major H2
adoption
expected to
start with
passenger cars
& buses

HYDROGEN ROLLOUT ROADMAP

Hydrogen use from initial commercialization to mass-market acceptability, years

85000 O

Transport

Industry
feedstock

Today

Forklifts

b Refining

Ammonia,
methanol

ot e ——— Blended-hydroge

2020 2030 2040 2050

Medium and large cars Commercialization Acceptabiity

City buses
7

I \/ars
I Trams and railways

I Coaches
> P assenger ships
I Trucks
I S mall cars
I  Vinbuses
Synthfuel for freight ships and alrplanes I

I Dcocarbonization of feedstock?
I Production of methanol, olefins, and BTX using hydrogen and carbon®
I Stocl

| heating

ydrogen heating

I High-grade industry heat

Industrial

energy I [\ dium/low industry heat

Power I [ renewables-constrained countries

generation I (11 other countries

Today 2020 2030 2040 2050

' Defined as sales >1% within segment; 2 Market share refers to feedstock amount produced from low-carbon sources; ® BTX = benzene, toluene & xylene - market share refers to production
% that uses hydrogen & captured carbon to replace feedstock; # Direct-reduced iron with green hydrogen, iron reduction in blast furnaces & other low-carbon processes using hydrogen r——
Source: McKinsey 10



HYDROGEN & ELECTRICITY IN ENERGY ECOSYSTEM (.%

H2 & electricity
are highly
synergistic in
the broader
energy
ecosystem ...

... though
potential
competitors in
specific
segments &
applications

: High-volume,
long-term storage

Electricity
storage ; Thermal

Electricity Grid

| Renewable

residential

Energy

W
)

Biomass

w il P

Refineres/chemical plants

d Hydrogen
tanks

Energy Flow
= Electricity
w=» Hydrogen
woslp Fossil fuels

Wastewater

Automotive fuel

Source: Toyota Motor Company

11



BREAKEVEN C0OSTS FCEV vs. BEV!

| ‘%

Fuel cell EVs are

most

competitive on a

TCO basis with Battery price

battery EVs over g 200

longer driving o ——USD 150/kWh

ranges T 20192
prt ——USD 125/kWh
té 7 ' 2021
v
T —USD 100/kWh
o
é’ 100 ——USD 75/kWh 2023
g
3 ——USD 60/kWh 2028
~
g 50 — 2030
[

100 300 500 700
Vehicle range (km)

1 e.g. for a range of 400km, to break even with battery costs below USD 100/kWh could require achieving fuel cell costs below USD 60/kW; 2 battery price years forecast by BNEF
IEA- |
Source: IEA; BNEF 12



HYDROGEN DELIVERY & STORAGE S

H2’s - Powerwall Battery Mega-battery Pumped hydro Storage in
T = storage empty natural
cha_ractenstlcs _g:) — N gas field
(weight dense, T ) m
not volume ks D i, b R e oy o
dense) make it 10 kWh 100 kWh 130 MWh 250 GWh
challenging to
transport from A
— B o~ H2 gas canister H2 tube trailer Liquid H2 storage Hz2 insalt
T (Cape Canaveral ) cavern
] ] -
A H2 pipeline I
—
infrastructure 5 )y = D ﬁ ED) (191 x 3
would E—a AL IR —
significantly 30 kWh 30 MWh 10 GWh 240 GWh 46,000 GWh
reduce transport
costs, but Liquid H2 lorry LOHC  LH2
doesn’t exist tube trailer ship ship
today Lorry with Ship with
liquid hydrogen liquid hydrogen
Liquid H2 is e
most space
efficient but
requires
complex Tube trailer Pipelines
g Lorry with
conversion compressed hydrogen
processes & Hydrogen
storage ey O R O
density
Transport capacity
Source: The World of Hydrogen 13 I



APPLICATION COMPETITIVENESS - PRODUCTION' (‘%

The most
attractive I _ i Hydrogen distribution costs
segments for H2 Hydrogen is the only alternative for industry B Heat and power for industry B Industry feedstock
still require 11 | feedstock for existing applications M Heat and power for buildings Il Transportation?
Zteep cost: 10 Hydrogen is a competitive low-carbon option
owns 9 for space heating where it is competing with
heat pumps, e.g., Europe or the US
H2 starts to be
- o . Commercial mobility On average, passenger Hydrogen-based steel production
ry competitive 7 applications be hicles b jable  in China break t low-carbo
across a range pplications become  vehicles become via in China breaks even at low-carbon
. Qo viable around $3/kg  around $2/kg hydrogen costs of $1.9/kg

of applications X 6
around US$2- % 5
3/kg (production D
cost) 4

3

2

1

0

10 20 30 40 50 60 70 80 90 100 10 120
2030 energy demand
EJ

Tvs. low-carbon alternative in segment (regions assessed are US, China, Japan/Korea & Europe); ? Transportation segments breakeven calculated on weighted average

Source: McKinsey & Co.; HIS Markit; US DoE; IEA; Hydrogen Council 14



ELECTROLYZER TECHNOLOGIES — COMPARISON (2020) (.%

While Alkaline
electrolyzers are
the incumbent,
PEM has many
inherent
advantages

Maturity
Efficiency
Stack Lifetime
Simplicity

Response Time
Safety PEM / AEL SOEC

PEM AEL SOEC
(0F:10] 57¢ AEL SOEC
Peak Power PEM AEL SOEC
PEM AEL SOEC

Note: AEL = electrolysis, PEM = proton exchange membrane, SOEC = solid-oxide electrolysis cells

Source: TNO 15



PEM is rapidly
catching up with
AEL

Cost of electrolyser (in 2016€ kW™)

FELECTROLYZERS — COST CURVES ‘

7,000
6,500
6,000
5,500
5,000

4,500

UL L ILILI] e P BL AL (A L (LI L L L
| 1 | 1 i

4,000
3,500
3,000

2,500

o PEM cost estimates from manufacturers
e PEM cost estimates from journals, reports and news
- Exponential fit of PEM cost estimates: 4.77 + 1.88% decline per year
95% confidence interval of PEM cost decline
= = Expected decline of PEM cost estimates
A AEL cost estimates from manufacturers
4 AEL cost estimates from journals, reports and news
— Exponential fit of AEL cost estimates: 2.96 + 1.23% decline per year
95% confidence interval of AEL cost decline
- = Expected decline of AEL cost estimates

2,000
X - .
1.500:— ; -.-"'--..___ o °
1,000 g 1—.--..i_____ l"--....____‘
- r g ‘ A A : ot -'- —————— _l
500 | A &
0 : 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
2000 2005 2010 2015 2020 2025 2030
Year
Source: Gunther Glenk and Stefan Reichelstein 16 I
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