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Hydrogen

atomic - atomic weight
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. . . Conﬂguration\ s ) hysical state
> The most abundant chemical substance in the Universe. vdrogen o A
> The lightest element in the periodic table. TR
> Contains more energy per unit of mass than natural gas or BR) orasen (D) Faslsitie et
gasoline (3X) — lower energy per volume (1/10 of natural
ga S) Physical properties of hydrogen
[ Property | Hydrogen | Comparison |
Density (gaseous) 0.089 kg/m3 (0°C, 1 bar) 1/10 of natural gas
Ia rger VO|U mes Of hyd rogen are needed Density (liquid) 70.79 kg/m3 (-253°C, 1 bar) 1/6 of natural gas
to meet identical enerev demands as Boiling point -252.76°C (1 bar) 90°C below LNG
. gy Energy per unit of mass (LHV) 120.1 MJ/kg 3x that of gasoline
compared with other fuels Energy density (ambient cond., LHV) 0.01 MJ/L 1/3 of natural gas
Specific energy (liquefied, LHV) 8.5 MJ/L 1/3 of LNG
Flame velocity 346 cm/s 8x methane
Ignition range 4-77% in air by volume 6x wider than methane
Autoignition temperature 585°C 220°C for gasoline
Ignition energy 0.02 MJ 1/10 of methane
Notes: cm/s = centimetre per second; kg/m? = kilograms per cubic metre; LHV = lower heating value; MJ = megajoule; MJ/kg =
Source: IEA, 2019a megajoules per kilogram; MJ/L = megajoules per litre. 3
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Phase H, diagram

Pressure (bar)
V' N

700 -

14

w
O
o
1
\

100 1
Solie Supercritical fluid
Critical point 13 bar, -240°

104 Liquid ... o, o, e o oo S S DN S S, NS .90
£
o
2
O
Gaseous <
o
kol
S
o
Z

1 T T T T T A \—’—l_

—260° —-250° —240° —230° —-220° +20°

Temperature (°C) Source: Shell, 2017 4




UNIVERSIDADE

43 CENSE | NovA

DE LISBOA

The early entrance of H2 in the energy system

> In the begging of the XIX century H, was incorporated
in street lighting in Europe and USA as town gas
(produced trough coal gasification)

> H, was around 50% of town gas

> Why town gas?
> Economic: Cheaper than whale oil
> Quality of services: Brighter and safer flame

- Widespread adoption of town gas in UK around 1820

- In Lisbon the public lighting trough town gas started in
1848 (Chiado)

> When electricity (and in some countries natural gas) appeared town gas started to disappear

> In Portugal for example the first eletric lighting appearred in 1878 and the town gas continue in the streets
of Lisbon up to 1965 (Bairro Alto and Santa Catarina). 2
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What is the current role of H,?

Global annual demand for hydrogen since 1975

80

70 Current H, uses:

60

50 > refining petroleum (e.g.,
20 lower the sulfur content of

zz diesel fuel),
o So on mil i L L L L > producing fertilizer

1975 1980 1985 1990 1995 2000 2005 2010 2015  2018e (a mMmmonia )
M Refining Ammonia = Other pure B Methanol DRI Other mixed

Million tonnes of hydrogen

o

Notes: DRI = direct reduced iron steel production. Refining, ammonia and “other pure” represent demand for specific applications
that require hydrogen with only small levels of additives or contaminants tolerated. Methanol, DRI and “other mixed” represent
demand for applications that use hydrogen as part of a mixture of gases, such as synthesis gas, for fuel or feedstock.

Source: |[EA 2019. All rights reserved.

Around 70 MtH,/yr is used today in pure form, mostly for oil refining and ammonia manufacture for
fertilisers; a further 45 MtH, is used in industry without prior separation from other gases. Source: IEAa, 2019
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Climate Change -

Why we are talking so much about H,?  timiting giobal

warming to 1.5°C

Breakdown of contributions to global net CO2 emissions in four illustrative model pathways compared to pre-
Fossil fuel and industry @ AFOLU BECCS industrial levels
Billion tonnes CO, per year (GtCO2/yr) Billion tonnes CO, per year (GtCO2/yr) Billion tonnes CO, per year (GtCO2/yr) Billion tonnes CO, per year (GtCO2/yr)
40— P1 0_ P2 40 P3 40 P4
20 20 20 20
0 0 0 0
-20 -20 -20 -20
2020 2060 2100 2020 2060 2100 2020 2060 2100 2020 2060 2100
P1: Ascenario in which social, P2: Ascenariowithabroadfocuson = P3: Amiddle-of-the-road scenario in P4: Aresource- and energy-intensive
business and technological innovations sustainability including energy . which societal as well as technological scenario in which economic growth and
resultin lower energy demand up to intensity, human development, - development follows historical globalization lead to widespread
2050 while living standards rise, economic convergence and . patterns. Emissions reductions are adoption of greenhouse-gas-intensive
especially in the global South. A international cooperation, as well as - mainly achieved by changing the way in lifestyles, including high demand for
downsized energy system enables shifts towards sustainable and healthy ' which energy and products are transportation fuels and livestock
rapid decarbonization of energy supply. consumption patterns, low-carbon produced, and to a lesser degree by products. Emissions reductions are
Afforestation is the only CDR option technology innovation, and - reductions in demand. mainly achieved through technological
considered; neither fossil fuels with CCS well-managed land systems with g means, making strong use of CDR
nor BECCS are used. limited societal acceptability for BECCS. through the deployment of BECCS.
: 7

Source: IPCC, 2018
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Why we are talking so much about H,?

=  World primary energy demand by fuel and related Energy system transformation

CO2 emissions by scenario > Renewable energy sources
Sustainable Development (RES) will have a major
g 20 contribution in reduction GHG
= : :
T 16 > Most of RES are intermittent
< 12 e  Primary energy mix and fuel use by sector in the
Sustainable Development Scenario, 2018 and 2050
8
Total primary energy demand
4 2018 I
2050 ‘
2000 2040 50% 100%
mm Coal mmm Oil Gas Nuclear mmm Renewables s (CO, emissions (right axis)

Existing policies and announced targets slow growth in global emissions to 2040,
but they are not strong enough to force a peak in an expanding energy system Source: IEAD, 2019 ]
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Why we are talking so much about H,?

Storage Applications Requirements? Electricity storage technollogies’ features Electricity Storage
Discharge time vs. power requirements (MW) Discharge time vs. power requirements (MW) > H, can be
Discharge Time Discharge Time storage at la rge
\ A scale
| Intermittent balancing - -: ------ > Allows a
Month : | Month SeaSOHal
4 1
¥ . storage
Day |y : Day Compressed air
_:_ I energy storage
Hour | ! : Hour
| AR
|
Minutes : Minutes
................... 1 s
|
Seconds e _I Seconds
1kw " 10kw "100kw ' 1MW ' 10 MW 100Mwi 1GW ; > 1kWw ' 10kw ' 100kw ' 1 MW =10MW=100MW= 1GW
Power requirements
1. SMES: superconducting magnetic energy storage; 2. For more information on storage applications, please refer to the Hydrogen FactBook; 3. T&D for transmission & distribution Source: AT Kea rney Energy

Source: A.T. Kearney Energy Transition Institute based on US DoE (2011), “Energy Storage Program Planning Document”. Hydrogen-based energy conversion

Transition Institute, 2014.
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Why we are talking so much about H,?

> H2 can be an alternative energy vector to lower the carbon intensity of transport (and heating)

Industry ‘ Transports Buildings

17 809 Mt CO2 (54% of
energy-related CO2
emissions)

1000 2 000 3 000 4 000 5000 6 000 7 000 8 000 9 000

mCoal mOil Naturalgas m Electricity Heat mBioenergy m Other renewables m Other fuels

Final Energy Consumption (Mtoe)

Source: IEAb, 2019
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What is H, economy? | H, chain

Production Storage/Transport & Distribution Consumption
Compressed gas tube trailers
R\ LH2 /fzﬂ:@:ﬂ—j\ @ .
A or /xR or
660" 50 00 ong |, 7 !
el 0
Ammonla V4 @
gé Steam reforming / 3) H ﬁ methanol* H |
gasification
— +N; o —
) (Haber-Bosch process) — E
H.O & S0 =
$ ' H2 o+ 02 ooo
Water (2) E F ooooooooo
N electrolysis Synthetic CHs @
+C0O,/CO
i @c QBV /@ (methanation) End use
UUUDUUUUU - . . .
DUDUDD e D .
— Water
electrolysis
Hydrogen value chains can follow many different paths ©2019 IHS Markit/1736808

11
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The production of H, today

Today’s hydrogen value chains The ma%ority of H2 produced
is from fossil fuels - 60% is

from “dedicated” hydrogen
Refining 1 hiti
- ol production facilities
of which <0.4 Mt H. proc .
gas of which <0.1 M¢ Happroc pemand Most is produced from natural
.+ forpure
Dedicated | Ammonia | b drogen gas

ducti .
producten <00t e Small fraction comes from
Xl 75 Mitoe " Transport water electrolysis (water +

AMH her electricity).
Qil
Electricity —— Less than 0.7% of H2

L. r ethano . .
fothe production is from RES or
Mth el from fossil fuel plants with

48 Mt H, " mixed with CCus
RN =g of which <0.3 Mt other gases
hydrogen [Reffgl= Qi Other
renewables e.g. heat
830 MtCO2/yr
IEA, 2019a

12
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H, production
PROCESSES FOR PRODUCING HYDROGEN T \

PRIMARY ENERGY SECONDARY ENERGY CONVERSION INTERMEDIARY PRODUCT FINAL ENERGY CARRIER
Solar, Wind X
T 4
‘.’\\ /l\
Algea from
Green g W :
H2 BIOCHEMICAL HYDROGEN
Biomethane CONVERSION ‘
Biogas
Biomass Ethanol
\.’ Vegetable Oils
THERMOCHEMICAL
Natural Gas CONVERSION —e :
Grey/Blue ,
(CCS) H2 s
Steam methane reforming
ail
POX
Partial oxidation
Black H2 * AR
ac @ Autothermal reforming

Source: Shell, 2017
13
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SRM with carbon capture and utilization

Figure 8. Production process of hydrogen from gas with CCUS

Fg':: CO2 can also be captured from
the more diluted furnace flue gas

connre s T CO2 can be separated from the high-
H0% i b pressure synthesis gas stream
COA_ capture 60%
gas —— reforming gas shift gas capture 9 ydroge
feedstocks Step 1 adsorption
Fuel
CO, capture 55%
cu,

capture
Step 2 Tail gas

Source: IEAGHG (2017a), "Reference data and supporting literature reviews for SMR based hydrogen production with CCS”. Source: IEA. 20193

14
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Electron to hydrogen

H, Production | Water electrolysis

> Electrochemical reaction that splits water into
H2 and Oxygen, using electricity.

> |t is a 100% emission free and carbon-free
process

Power: 1 MW electrolyser ¢ + 18 kg/h H,
Energy: +/- 55 kWh of electricity -1 kg H, ¢> + 9 liters demineralized water

15




Water electrolysis

Alkaline Electrolysis
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Electron to hydrogen

potassium i
hydroxide (KOH)
or sodium * B oW
hydroxide (NaO > g
solution / \
Anode (Ni, Co, Fe) Cathode (Ni/C)
Diaphragm
Anode
(IGLLEN 4H,0 +4e- — 40H + 2H,

PEM Electrolysis Solid Oxide Electrolysis
e, || e, |y
mal -k
steam
H,0 H,0
| A I'l2 02 02
H N L 5
== ===
Anode (Ir) Cathode (Pt) Anode (LSM) Cathode (Ni/YS2)

Polymeric membrane

4H*+ 4e” — 2H,

Ceramic oxide

H,O +2e- — H, + O*
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Water electrolysis

> Alkaline electrolyser +

> Mature and commercial technology Electrical
— efficiency (%, 63-70 65-71 70-80 56-60 63-68 67-74
> Do not operate on zero load LHV)
> Do not produce highly com.presied H2 — Operating L ot
needs additional compression oressure (bar)
> Needs the recovery and recycling of the Operati
. 3 q = perating
potassium hydroxide electrolyte solution temperature 6080 50-80
> PEM S~
. HI]: Stack lifetime 60 000 90000 100000 30000 60000 100 000
> Produce highly compressed H2 gn (operating - - - - - -
. hours) 90000 100000 150000 90000 90000 150 000
> Operating range can go from zero load ]
. oad range
> Need expensive electrode catalysts (%, relative to 10-110 0-160
(platinum, iridium) and membrane nominal load)
materials == flant_ 2005 ooss
ootprint I I
> SOEC (m/kWo)
. .
> Have not yet been commercialized CAPEX 500 400 200 1100 650 200
> Need a heat source (nuclear, solar (USD/kWe) 1400 850 700 1800 1500 900
thermal, geothermal) = - _
ok Studies indicate PEM as the main

> |t is possible to operate in reverse mode _
electrolyser technology in the future

DE LISBOA

Electron to hydrogen

- Alkaline electrolyser PEM electrolyser SOEC electrolyser

BN B S N e

74-81 77-84 77-90

1

650

1000
10000 40000 75000

30000 60000 100 00

20-100

2800 800 500

5600 2 800 1000
Source: IEA, 2019a

17
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How does an electrolyser (alkaline) look like?

I Fan Cooler

Hydrogen
Purifier

Hydrogen
Generator

Purification

Source:
https://hydrogeneurope.eu/sites/de

Safe Zone

fault/files/2018-06/2018-
06 _Hydrogenics Company%20prese
ntation.compressed.pdf

18
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H, production costs

Hydrogen production costs for different technology options, 2030

> Steam Methane
Reforming from Natural
Gas is the cheapest way

~ 7
T
2. Combined sensitivity to produce H2
a) 5 g 0 g
5 . CO, price sensitivity > Electricity price is the
B CAPEX and OPEX sensitivity blggeSt gompqnent of H2
4 o production price
@ Fuel cost sensitivity (Renewable electricity
4P€ ‘EBG_ FIWACC sensitivity price around 41€/MWh)
12495 V\\//th ﬂg CO, price > The 1st solar auction in
® Fuel costs Portugal has awarded
- OPEX around 1.4 GW, at an
average tariff of 20,4
m CAPEX :
Electrolysis Electrolysis Natural gas  Natural gas Coal without ~ Coal with €/MWhr with a lot
grid  renewable without CCUS with CCUS ~ CCUS ccus awarded at 14,7 €/MWh,

the lowest price in the

Notes: WACC = weighted average cost of capital. Assumptions refer to Europe in 2030. Renewable electricity price = USD 40/MWh at W0r|d at the time
4 ooo full load hours at best locations; sensitivity analysis based on +/-30% variation in CAPEX, OPEX and fuel costs; +/-3% change in

default WACC of 8% and a variation in default CO, price of USD 40/tCO, to USD 0/tCO, and USD 100/tCO,. More information on the

underlying assumptions is available at www.iea.org/hydrogen201q.

Source: I[EA 2019. All rights reserved. Source: IEA, 2019a 19
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> H2 low volumetric energy density at ambient conditions makes it considerably harder to store than fossil fuels —
compressions, liquefaction or absorption
> If hydrogen replace natural gas in the global economy today would need 3-4 times more storage infrastructure
Energy density comparison of several transportation fuels (indexed to gasoline = 1) Ci}
energy content per unit weight
3
iaui lighter than gasoline  lighter than light
* ﬁogled el but requires more space  gasoline and weight
compressed ydrogen requires less -
2 hydrogen gas space
compressed liquefied natural
natural gas (CNG) gas (LNG)
¢ ¢ gasoline diesel
1 & o ¢
heavier than gasoline compressed ,
and requires more space . * propane heavier than
ethanol gasoline but
0 .S.everal batterytypes methanol requires less space heavy
0.00 0.25 0.50 0.75 1.00 1.25
energy content per unit volume Selce
requires more storage space requires less storage space https://www.eia.gov/todayinenergy/detail
.php?id=9991 20



H, Storage

Table 1: Hydrogen storage options
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CO2 + 2H2 — CH3O0H (methanol)

3H2 + N2 - 2NH3 /

Gaseous state

X Liquid state / Solid state

Salt caverns Pressurized Liquid ® | Ammonia LOHCs Metal
® containers hydrogen hydrides
Main usage Large Large Medium Small Sma}ll § Large Large Small
volumes, volumes, medium volumes, volumes,
(volume and volumes, volumes, volumes,
X months- months- . volumes, months- months-
cycling) seasonal daily days-weeks
weeks weeks days-weeks weeks weeks
Benchmark Not
Possible Not
future LCOS! $0.11 $1.07 $0.23 < $O.17> $0.95 $0.87 $1.86 evaluated
S\fggﬁﬁg‘ca' Limited Limited Limited  Notlimited  Notlimited  Not limited  Not limited  Not limited

Source: BloombergNEF. Note: ' Benchmark levelized cost of storage (LCOS) at the highest reasonable cycling rate (see detailed

research for details). LOHC — liquid organic hydrogen carrier.

LOHC — Liquid Organic H2 Carriers, e.g., methanol, dibenzyltoluene and toluene

Cool it down H2 further, to
its melting point (-260°C

e High energy
lost (24-45%)

® Energy lost
(5-10%)

Source;
BloombergNEF, 2020

Note: Salt caverns are the only type of geological formation successful used to storage H2 underground to
date. Other alternatives are under research to test leaks and reactivity with the host rock

21
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H, Transport & Distribution

Figure 4: H2 transport costs based on distance and volume, $/kg, 2019

> The low energy density of
hydrogen means that it can be
very expensive to transport over
long distances

> The best option: blending in the
natural gas grid, dedicated grid,
trucks or shipping will vary
according to geography,
distance, amount of H2 and the
required end use of the
hydrogen

Source; BloombergNEF, 2020
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H, Road Transport

O 0O

TUBE TRAILER CONTAINER TRAILER LIQUID TRAILER
200 - 250 bar, = 500 kg, ambient temperature 500 bar, = 1,000kg, ambient temperature 1 - 4 bar, = 4,000 kg, cryogenic temperature

Source: Shell, 2017
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Blending H, in the natural gas grid Limitations

> The material of the pipeline limits the amounts of H2:
> polyethylene distribution pipelines can handle up to 100% hydrogen

> some metal pipes can degrade when exposed to hydrogen over long periods, particularly with H2 in high
concentrations and at high pressures —embrittlement - Literature suggests a maximium of 20% blending without

major transformations of the natural gas grid

> Energy density of hydrogen is around 1/3 of that of natural gas and so a blend reduces the energy content
of the delivered gas — more volume needed .

> Even a 20% blending of H2 only reduce natural gas emissions
in 7%

Acid wash Plating Fracture after elapsed time

Probabilidade
de falha

Electrolysus

o0 @y

m Plating

film T PN
Concentrat - A\ 0 1 2 3 4 5 6 7 8 9 10
I
formnng cavity .fenda , Anos
. . interna FLR, fenda longa, porém rasa
Fonte: Nabeya Bi-tech w o0 axial

Kaisha (NBK®) L R TTTITLED FCP, fenda curta, porém profunda o
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H, Blending in the natural gas grid

> There are 37 demonstration
Tolerance of selected existing elements of the natural gas network to hydrogen blend projects studying H2 blending in

shares by volume

the gas grid.
Distribution* A > The Ameland project in the
Gas meters Netherlands did not find that

Transmission

blending hydrogen up to 30%
posed any difficulties for
household devices, including

Compressors

Transmission &
distribution

Underground storage

Boilers . .
boilers, gas hobs and cooking
o Cooking .
5 . appliances
S Engines
C
. Gas turbines
CNG tanks* [ sss
0% 20% 40% 60% 80% 100%
# Allowable under certain circumstances Source: IEA, 2019a
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Dedicated H, pipelines

> Dedicated H2 HYDROGEN PIPELINES PER COUNTRY

pipeline already

exist mostly T usa 2,608 kam

associated with

refineries/industry I o 63k
_ Germany 376 km
_ France 303 km
- Netherlands 237 km >
- Canada 147 km
- Others 258 km

eI SheII, 2017 HyARC 2017; own diagram

26
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Overall H, economy

> Production represents is the principal driver in H2 costs
>The higher the RES potential de lower the H2 costs

Assuming the current
Figure 5: Estimated delivered hydrogen costs to large-scale Figure 6: Estimated delivered hydrogen costs to large fel e
industrial users, 2030 industrial users, 2050 costs of electricity from

solar PV (last auction )

$/kg $/MMBtu  $/kg $/MMBtu _
30, 2.85 223 30 22.3 Portugal will have a H2
orage orage 5
Transport Rock cavern Transport cost close to Australia
25 186 25 18.6
1.97
2.0 - 149 20 174 14.9
15 148 112 15 e P
©  saltcavern Japan wind < b » -
$47/MWh .
1.0 74 1.0 0.84 74
. China wind [ Japan wind
Australia PV $28/MWh e - $33/MWh
05 $21/MWh 37 05 Australia PV China wind 3.7
$12/MWh DA Transport costs represent
0.0 0.0 0.0 0.0 T . .
Low Mid High Low Mid High 50km transmission pipeline
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H, -based energy conversion solutions

Charge Store Discharge

Hydrogen production ;I,Zg;:%?,? THREEE Hydrogen use

. : | mnmoxu -ﬁﬁ] o TR RALEPoANT "

y A !
008
) el i -

Extraction of green energy from e
variable renewables and conversion Time and spatial decoupling of vvv?::r: Iiﬁélgge%fetgiv?t?\egyvx\iﬁ? ;&and
to a new carrier by means of water production and consumption TG ) &) R BT

electrolysis’

Power to Power (fuel cells)
Power to gas (methane CH4)
(fuel cells)

(Ammonia)

Synthetic fuels

Source: AT Kearney Energy
Transition Institute, 2014. 28
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H, -based energy conversion solutions

Power Grid

SURPLUS
Power-to-Power

Refueling Power-to-Mobility
stations oo \
: Electric vehicle

Optional i Upgraded &
Hvdrogen i synthetic fuels
s),{corage i Fuel cell electric vehicle

Refineries Internal combustion

1

1

1

1

1

1

|

) - -
: engine vehicle
:

1

)

:

1

Power-to-Gas

Carbon cO : l Chemical
: : lants 1 _
capture 2 | Methanation : P : Source: AT
l | Injection of H, into the } Kearney
i @ 'natural gas grid Energy
-------------------- 1 Tra nsition
i Institute,
GAS GRID ' 9014,

= (Gas network Hydrogen network === Power network Liquid fuel network 29
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Fuel Cell

Power production from a hydrogen PEM fuel ;
cell from hydrogen (+/- 50% efficiency) @ W
Energy: 1 kg H2 - 16 kWh "

30
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H, Uses — Transport Sector

TECHNOLOGY READINESS LEVELS OF HYDROGEN APPLICATIONS -

TRL

System o /’?
complet and ’
quaified PN Since 50s —
cryogenic H2
EEEEE() '
Technology 0
validated in
relevant
environment 5
{)

Source: Shell, 2017 31
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Transport by H2 Fuel Cells — First Movers

. , , , = 100km track between Cuxhaven and Buxtehude, Nth
H, Fuel Cell bus trials began in many countries as long ago Germany: the train runs for 1,000km on one tank of H,.

as the 1990’s; substantial developments in 2000-2010. - France, Germany, Holland, Scandanavia and United

» Feb, 2017: Toyota sells first FC bus to Tokyo Metropolitan Kingdom are first-movers with FC trains.

Govt.; > 100 buses by 2020 Olympics™. » JR East, Japan plans to test fuel cell trains in 2021.
*https://global.toyota/en/detail/15160167

= Nicola Motors aims at 700 refuelling truck stops in USA by
2028
» Claims 12-15 mpg compared with 6 mpg for diesel

= Anglo-American partner with Williams Engineering to build
hydrogen powered ultra-class electric mining haul truck.

https://energypost.eu/hydrogen-fuel-cell-trucks-can-decarbonise-heavy-transport/
Australian Minina. Februarv 2020

Source: http://www.dsdmip.qgld.gov.au/resources/presentations/cq-hydrogen-presentation-2.pdf
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> Caetano Bus (fuel cell
Toyota) manufacture
the H2.City Gold
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FCEV | Private Cars

FCEV is a type of electric vehicle, but instead
of storing electricity, a FCEV stores H, and a
fuel cell acts as micro power plant to generate
electricity on board

Table 1. Fuel cell vehicles available on the automotive market

Tovota Mirai Hyundai ix35 Honda Clarity
oyofa Wiral Fuel Cell Fuel Cell

Fuel cell electric cars in circulation, 2017-18

12 500

10 000

Number of FCEV cars

7 500

5000

2500

0

2017 2018
Source: AFC TCP (2019), AFC TCP Survey on the Number of Fuel Cell Electric Vehicles, Hydrogen Refuelling Stations and Targets.

é%?ﬁ;aﬁm 965 1255 11s

Fuel Cell power 113 kW 100 kW 103 kW

Engine power 113 kW 100 kW 130 kW

Top speed 179 knv/h 161 km/h 200 km/h

Range ca. 550 km (NEDC test) 594 km 482 km

H, storage 70 MPa 70 MPa 70 MPa
m Others

M China
M Rest of Europe
B France
Germany
M Korea
Japan

B United States

Source: Pielecha et al., 2018

2018:
FC total stock: 11 200 units
BEV total stock: 5.1 million

Source: IEA, 2019a 34
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FCEV vs other tech nologies

Hydrogen fuel cell vehicle

Starts at: €60,000
Range: 320-405km/200-250 miles
Time to refuel: 3-4 minutes

Electric vehicle

Starts at: €21,000
Range: 160-500km/100-310 miles
Time to refuel: 30 minutes to 12 hours

Petrol or diesel vehicle

Starts at: €8,000
Range: 480-640km/300-400 miles
Time to refuel: 2-3 minutes

Source: https://www.euronews.com/living/2020/02/13/hydrogen-fuel-
cell-vs-electric-cars-what-you-need-to-know-but-couldn-t-ask

Power to
conventional vehicle

§

Ele“'o'ys“ '

CO2 air-capture,
FT-synthesis

Transport, storage
and distribution

95%

%
2
-
l

52% 44%

Fuel production
efficiency
Inversion AC/DC

’7 Baner&}hnge
iciency

H2 to electricity
conversion

L Inversion DCJAC
Engine efficiency

Overall efficiency 73%

Tank to wheel

-

13%

22%

U= TRANSPORT & wewanseny [ Stransesy

' = ENVIRONMEINT @ trsmsportenvironment.ong Source: WTT (LBST, IEA, World bank), TTW, TAE calculations


https://www.euronews.com/living/2020/02/13/hydrogen-fuel-cell-vs-electric-cars-what-you-need-to-know-but-couldn-t-ask
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FCEV vs other technologies

> FCEV costs could break
even.

Total cost of car ownership by powertrain, range and fuel

09 [J Synthetic fuel (air capture) . .
| > Cost reductions in fuel
0.8 O Synthetic fuel (best case)
o cells and storage tanks,
07 Low utilisation of infrastructure

together with high
utilization of stations, are
the keys to achieving
competitiveness.

Refuelling, charging infrastructure

B Electricity, fuel

Operations and maintenance

Total cost of ownership (USD/km)

M Battery, fuel cell

Base vehicle cost

> Refueling infrastructure is
FCEV BEV BEV ICE Hybrid| FCEV BEV ICE Hybrid dete rm | na nt Of the futu re

400 km 400 km 250 km 400 km 400 km .
Today ‘ Long term | com petltlveness Of FCEVS

Notes: ICE = internal combustion engine. The y-axis intercept of the figure corresponds to base vehicle “glider” plus minor
component costs, which are mostly invariant across powertrains. More information on the assumptions is available at
www.iea.org/hydrogen2019.

Source: IEA 2019. All rights reserved.

Source: |IEA, 2019a 36
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Heavy-duty (trucks and intercity buses) FCEVs

> Heavy-duty FCEVs tend to
be more immediately

Current and future total cost of ownership of fuel/powertrain alternatives in long-haul

trucks

competitive against BEVs
= [ Synthetic fuel (air capture) .
g 18 Y P > H, < USD 7/kgH2 in the long
&) O Synthetic fuel (best case)
o 16 Y term makes FCEVs
o 14 Low utilisation of infrastructure Competitive in relation with
£ 1
g 12 Refuelling, charging IC
@ 1
s ..

M Electricity, fuel oo .

< 10 sy e > The limited size of the truck
% 08 Operations and maintenance market may limit the fuel
o) .
T 06 . - . - - . M Battery, fuel cell cell price reduction
(] : . .
= - (economies of scale). Price

0.4 : :
will rely on substantial

deployment of fuel cells in

0.2 Base truck cost

BEV

Diesel ICE| FCEV BEV Hybrid Diesel

catenary  Hybrid cars.
Today ‘ Long term
Notes: The y-axis intercept of the figure corresponds to base vehicle “glider” plus minor component costs. Infrastructure covers
stations, charging points and catenary lines. More information on the assumptions is available at www.iea.org/hydrogen201q.
Source: |[EA 2019. All rights reserved. Source: IEA, 2019a
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H, refueling stations

Hydrogen refuelling stations and utilisation, 2018

.é 120 120 é
— ©
£ 100 5 loo =
2 8
@ 80 80 £
3 o o Source: http://www.flanderstoday.eu/business/first-public-
s 60 o 60 3 hydrogen-fuel-station-opens-flanders
: :
3 40 40 @
T O <

20 20 2

0 0
Japan Restof = Germany  United France China Korea Others
Europe States

O Fuel cell electric cars per hydrogen refuelling station (right axis)

Notes: Hydrogen station numbers include both publicly available and private refuelling units. The number of FCEVs used to estimate
the ratio includes only light-duty vehicles, and so does not reflect utilisation of stations by other categories of road vehicles.

Source: AFC TCP (2019), AFC TCP Survey on the Number of Fuel Cell Electric Vehicles, Hydrogen Refuelling Stations and Targets. Source: IEA, 2019a 38
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Refueling Stations

Gaseous Delivery

Container Trailer : 500 bar

200 -250 bar

Gaseous Tube Trailer

Truck

Compressed
Hydrogen
Storage Tanks

Dispenser

N Fuel Cell Electric
Vehicle

350 bar | 700 bar

Liquid Delivery

4 bar

Liquid Hydrogen Liquid Trailer

Storage Tank

Truck

Liquid Hydrogen
Pump & Vaporizer

Fuel Cell Electric
Vehicle

Compressed
Hydrogen
Storage Tanks

Dispenser

Onsite Production

Compressor

Compressed
Hydrogen
Storage Tanks

Dispenser

-

Fuel Cell Electric
Vehicle

Source: https://h2stationmaps.com/ 39
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Refueling Stations

Refueling speed Investment costs per refueling
Km/15 minutes of refueling Space requirements EUR/refueling
~1,875 ~8 MW powerline required for ~7.6

60 fast chargers to cover peak
load from chargers while
D hydrogen can use flexible,

Hydrogen refueling is 15 times faster than fast charging 1

@ After 10 minutes refueling/recharging time ~-3.6

90% vs. |:| 10% of ~1000 km range I
FCEV truck BEV truck
~90 Recharging infrastructure ... _

requires creates
Petrol HRS Fast 4 10-15x and flexible Petrol Hydrogen Fast
Charger \?\'LQ less space instead of peak load refue[mg Charger
' station
o 1 HRS with 4 dispensers o
Hydrogen refueling is 15x faster replace 60 fast charger Hydrogen refueling is half as
than fast charging stations capital-intensive as fast charging

Assumptions: Average mileage of passenger car = 24,000 km; number of PCs in EU in 2050: ~180 million; ICE: range = 750 km/refueling, refueling time = 3 minutes;

FCEV: range: 600 km/refueling, refueling time = 5 minutes, fast charger = 1,080 km?; BEV: range = 470 km/refue Ing, refueling time = 75 min, gas station = 1,080 m?;

WACC 8%; fast charger: hardware = USD 100,000, grid connection = USD 50,000, mstaHat\on costs = USD 50, OOO lifetime = 10 years; HRS: capex (1,000 kg daily) = Source: FCH, 2019
EUR 2,590,000, lifetime = 20 years, refueling demand/car = 5 kg; gas: capex = EUR 225,750, lifetime = 30 years, 1 pole per station
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H, use for heating (Industry and Buildings)

> H, can be used in 3 forms:

> Fuel-cell (H, to produce electricity) — lower efficiency than
direct use of electricity, higher control of power supply load
curves

> Blended in natural gas (the % of blending depend on the
equipment — due to embrittlement factor)

> 100% H,

- Lower flame brightness affect some industrial
sectors — e.g., glass, ceramic

- Higher production of NOX (additional control
measures) and H20 steam

- H2 higher volatility and requires additional
security measures to detect leakages

without H2

Sources:

“Heat Transfer in Industrial Combustion” , Charles E. Baukal

“Computational modelling of turbulent flow, combustion and heat transfer in
glass furnaces”, Hoogendoorn et al (1994)

Stig Stenstrom (2019): Drying of paper: A review 2000—-2018, Drying Technology
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The growing interest on H,

> The number of countries
with polices that directly
support investment in
hydrogen technologies is
increasing — 16 countries
by May 20109 (Portugal
not included)

Figure 2. Policies directly supporting hydrogen deployment by target application

Passenger cars

Vehicle refuelling stations
Buses

Electrolysers

Trucks > Over the past few years,

® Combined incentives with targets glObal Spending on
hydrogen energy
research, development
and demonstration
(RD&D) by national

0 2 4 6 8 10 12 14 16 governments has risen

Buildings heat and power

Power generation W Targets without incentives

Industry M Incentives without targets

Other fleet vehicles

Number of countries
Note: Based on available data up to May 201g9.

Source: IEA analysis and government surveys in collaboration with IEA Hydrogen Technology Collaboration Programme; IPHE
(2019), Country Updates.
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What is the role of H, in carbon neutrality?

A European long-term strategic vision for a
prosperous, modern, competitive and
climate neutral economy

o 1000
o .
S 800 I I I I l = Final energy demand > Hydrogen can gradually replace natural
600 = B . . B = gas as an energy fuel per se (ofte.n with
energy efficiency losses) for heating

100% q o
90% m electricity purposes or in transport (used with fuel
20% m other RES cells) and as feedstock for industrial
70% = biomass applications (e.g. steel industry, refineries,
60% m heat distributed fertilisers)

50% ® hydrogen ) ) )
0% e-gas > H2 is consumed directly or is used to
30% W natural gas generate e-fuels
B e-liquids
I =

Figure 20: Share of energy carriers in final energy consumption

1200

20%
| fossil liquids

10% =
0% W solids H2 scenario
o LN o () O O L
S & 3 = 3 5 28 g & ,
N R 8|2 ©ou - > H, represents to a maximum of 20% of
= R final energy consumption
2050
Source: EC, 2018 > H, with a mix up to 50% in gas distribution

in 2050 43
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What is the role of H, in carbon neutrality?

Figure 32: Consumption of hydrogen by sector in 2050 Direct use of H2
160
140
120 I Hydrogen is projected to have the highest share
100 . . .
S g  Transport | in transport energy demand in the H2 scenario
s Residential & services . .
60 . l m Industry (21% in 2050) - mostly for heavy duty vehicles
40 I . W Power sector (storage)
20
Baseline EE  CIRC ELEC H2  P2X COMBO 1.5TECH 1.5LIFE Figure 26: Electricity storage in 2050
Note: "Residential & services" also includes agriculture. 151(5)8 |350_500 GW of eleCtrO|y5erS
400 <
Source: EC, 2018 350 W e-gas
é 300 N ® Hydrogen
. ;?)g . B Batteries
150 Pumped hydro
100 I
so il
0

2030 Baseline EE CIRC ELEC H2 P2X COMBO 1.5TECH 1.5LIFE

Source: EC, 2018 Source: PRIMES.
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Mt 3,936 1,695

_48% Hydrogen Roadmap Europe

Power
generation, H2 could close up 50% of the
balancin
n9, gap between Reference and , ]
buffering .
2D Scenarlo |_ = Power generation, balancing, buffering
= 2-3wheelers = Aviation
I = Passengervehicles = Shipping
| = Taxis and vans = Rail
. . I L Fone
Current Policies |
I
I
. 1 '841 1'0_0_ | = High-grade heat = Low-grade heat
Transportation I | L Medugaiatest |
= Ammonia, methanol = Steelmaking (DRI)
I I = Refining = CCU [metha]nol,
0 | - MetéI_gr_o_c_e_s_sI_ng ________ gI_e‘Ims‘ BTX
| -28% | ‘
I
!
I
| |
=¥~ . [ | 508
. 771 |
I
I .
Industry energy —
1 SDSZ Total gap to reach CO, abatement Remaining
| CI f d k i : 2DS"in 2050 potential of gap
ndustry feedstoc 4 7254 Mt hydrogen
Others %@5 o aaaonal beneftof ydragen fo decarbomzaton L ermaten en e reecth
@ SOURCE: IEA Energy Technology Perspectives 2017; Hydrogen Roadmap Europe team
CO, Current CO, Remaining CO,
emissions plan’ emissions gap emissions
in 2015 in 2050 in 2DS?
. FCH P 1 Emission reductions from current national commitments, energy efficiency etc. as included in the IEA "reference technology scenario”
) & 2 DS = degree scenario X 45
""’”mw"‘& SOURCE: IEA Energy Technology Perspectives 2017; Hydrogen Roadmap Europe team Source: FCH' 2019
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What is the role of H, in carbon neutrality?

Twh Hydrogen Roadmap Europe
Finalenergy 4, 109 11,500 9,300

demand

Thereof H, 2% 4% 6% 8% 24%

Hydrogen could provide between 8% and 24% of total
energy demand in the EU by 2050

6||

HH Industry energy
= ﬁ E F2o2) New feedstock
427 497 ew feedstoc
Business As Ambitious Business As Ambitious Existing
Usual Usual feedstock

Source: FCH, 2019 2015 2030 2050
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Segments Key subsegments Relative importance by 2050 Complementary decarbonization solutions

® |arge cars (fleets) and taxis
@Transportation Trucks and buses

|
® |ight commercial vehicles
|

39% ® Battery-electric vehicles
® Plug-in hybrid electric vehicles

Trains ® Electrified trains
o Heati n? and ® Hydrogen blending for heating 2%, = Electrificfaf'tic')n of heating via heat pumps
: Y power for . : o " Energy efficiency measures
buildings ® Pure hydrogen grids for heating | 16% * Biogas/biomass

® Demand side and energy efficiency

Indust measures
@enneiyw " High-grade heat I 3% " Electrification

" Biogas/biomass

® Carbon capture

® Ultra-low-carbon hydrogen as

feedstock for For steel:
B2\ Indust — Ammonia, methanol 100% ® Coke from biomass
& fn (ijstryk — Refining = CCS on blast furnace
eedstoc Feedstock in steelmaking (DRI) For CCU:

Combined with CCU in production of
olefins and BTX

: " Biogas
| Power ® Power generation from hydrogen 2% . i :
‘='-" generation ® Flexible power generation _ 55% Post c'ombustlon CCS

|
from hydrogen Batteries

® Carbon storage

1 In transportation: percent of total fleet; in heating and power for buildings: percent of total heating demand; in industry energy: percent of final energy demand; in industry feedstock: percent of total
feedstock for production; in power generation: percent of total power generation and percent of power generated from natural gas

SOURCE: Hydrogen Roadmap Europe team Source: FCH, 2019
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What is the role of H, in carbon neutrality?

EXHIBIT 3: BENEFITS OF HYDROGEN FOR THE EU Hydrogen Roadmap Europe

Ambitious scenario
o@o Q0 O 0O
"~ WY

2030 hydrogen vision
~24% ~560 Mt ~EUR 820 bn ~5.4m

(.

of final energy annual CO, annual revenue reduction of local jobs (hydrogen,
demand’ abatement? (hydrogen and emissions (No,J equipment, supplier
equipment) relative to road transport industries)®
ncl. feedstock
2 Compared to the Reference Technology Scenario

Source: FCH, 2019
48
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H, Strategy for
Portugal

EN-H;

ESTRATEGIA NACIONAL
PARA O HIDROGENIO

HIDROGENIO

Mostly PV
& Onshore Wind

Exportacao de H2 para a
Holanda

2025 2030 2040 2050
H2> NA REDE DE
TRANSPORTE DE GAS 1% - 5% 10% - 15% 40% - 50% 75% - 80%
NATURAL2
H2 NA REDE DE
DISTRIBUICAO DE GAS 1% - 5% 10% - 15% 40% - 50% 75% - 80%
=

NATURAL?

i 0,5% - 1% 2% - 5% 10% - 15% 20% - 25%
H, NO CONSUMO DO

'Q' TRANSPORTE 0,1% - 0,5% 1% - 5% 5% - 10% 20% - 25%
RODOVIARIO
H2 NO TRANSPORTE

&=, MARITIMO 0% 3% - 5% 10% - 15% 20% - 25%

DOMESTICO

° H2 NO CONSUMO
TOTAL FINAL DE
ENERGIA

1% - 2% 2% - 5%

7% - 10%

15% - 20%

H2 NAS CENTRAIS
TERMOELETRICAS A
GAS NATURAL

1% - 5% 5% - 15%

40% - 50%

75% - 80%

CAPACIDADE PARA
PRODUCAO DE H,

250 - 500 MW

1,75-2 GW

3 GW

5GW

CAPACIDADE PARA
PRODUCAO DE H,
UPP2 (<5 MW)

50 MW 100 MW

250 MW

500 MW
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Summary

What is Hydrogen (H,)?

H2 is the simplest and most abundant element on earth. H2 is a flexible energy carrier, i.e., can store and deliver
usable energy, but it doesn't typically exist by itself in nature and must be produced from compounds that contain
it.

What is current role of H,?

H2 is mostly used as a feedstock in petroleum refining and fertilizer (ammonia) production. Today 95% of H2 is
produced from fossil fuels, mostly from natural gas with consequent CO2 emissions.

Why we are talking so much about H,?

H2 can be produced from clean energy sources (e.g., renewables) and may deliver or store a tremendous amount
of energy*, without CO2 emissions supporting the decarbonization of economy. H2 can store electricity (chemical
storage) for higher periods of time than batteries (seasonal vs daily) and deliver this energy to different uses, for

example, can be used in fuel cells to generate electricity to transports or to stationary uses, can be used directly to
decarbonize industry heating

*It has 2 and 3 times more energy per unit of mass than natural gas and gasoline. 50
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Summary

What is the H, economy? Example of Hydrogen “green” and “blue” economy

3

H, production

H, storage

H, transport & distribution
H, utilization

A

Aviation

R 1l

- = i —
; Biomass- Re-

SMR with based electrification Heavy-duty

CCs hydrogen (Power-to-Power)

POWER BUILDINGS @
— ” d I J Fl:el-cgll
= —|® 5 electric
— Co, (CC) \1, 1 TRANSPORT vehicles
Renewable Electrolyser 1 —~ v
electriclty l N2 Green Ammonia INDUSTRY 0;0

PR ) B 4 o

Storage Methanation Blending
(salt caverns, oo
storage tanks) l l F

(@) D) High-grade Industry
heat feedstock Shipping
Gas grid (>650°C)
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2050 hydrogen vision

Summary

What is the role of H, in a carbon neutral economy (European case)?

~24% ~560 Mt

of final energy annual CO,
Carbon emissions gap to reach 2DS" in demand' abatement
2050, Mt Segments Hydrogen decarbonization levers
1,070 562 Power generation (] Integration of renewables into the power
I_ _____ I """""" I = Power generation, balancing, buffering 3 Sectorz

2-3 wheelers = Aviation
Passenger vehicles = Shipping

_ = Taxis and vans = Rail resources

O Power generation from renewable

Buses and trucks

|
|
| ) Forklifts Transportation O Replacement of combustion engines with
l Closing ) FCEVs, in particular in buses and trucks,
l ~50% of gap taxis and vans as well as larger passenger
. L] : i _ = High-grade heat = Low-grade heat VehiCleS ) . o
What IS Portugal Say| ng | | ———— A{Wédym—grade heat I' O Decarbonization of aviation fuel through
= -X‘SA‘r:?r.mma, methanol = eWéteelmakmg (DRI) Synthetic fuels based on hydrogen
3 I I _ : ;eftmdnq . CfglmeBtTh;]mol, O Replacement of diesel-powered trains and
d bOut H2 ' | | S o oil-powered ships with hydrogen fuel-cell-
: : | powered units
2050 5 GW electrolvser for | | O Decarbonization of natural gas grid
. I o/ : y . | | ' : through blending
75 A)/SOA) In natural gaS grld | | 508 o Upgrade of natural gas to pure hydrogen
0 0 o I I ' gr!
156/206 Of HZ in flnal energy | | |_fl Industry heat O Replacement of natural gas for process
| | heat
I I Industry feedstock O Switch from blast furnace to DRI steel
Total gap to reach CO, abatement Remaining O Replacement of natural gas as feedstock
2DS"in 2050 potential of gap in combination with CCU
hydrogen
‘@ 12-degree scenario 2 Please see the chapter on renewables and power for information on the role of hydrogen as enabler of a renewable power system. The "enabled” carbon abatement from renewables is not included here and is
%, j! an additional benefit of hydrogen for decarbonization

™ SOURCE: IEA Energy Technology Perspectives 2017; Hydrogen Roadmap Europe team PAGE 1 1
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