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Hidrogéenio
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Altamente abundante
Baixa disponibilidade
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Inside the sun, the hydrogen atoms
are heated so much they turn into a
‘plasma’ state, where electrons no longer
orbit the protons in the atoms” nudei. The
“freed’ nuclei then fuse to form helium
atoms and neutrons. This fusion process
| unleashes vast bursts of energy.




Por que tanto interesse no Hidrogenio?
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Tipos de Hidrogenio

Quem ja ouviu falar sobre isso?
Assunto em discusséo, envolve reserva de mercado...

Terminology Technology Feedstock/
Electricity source

Wind | Solar | Hydro

OresnHydragen Geothermal | Tidal

Purple/Pink Hydrogen Electrolysis Nuclear

PRODUCTION
VIA ELECTRICITY

Mixed-origin grid energy

Natural gas reforming + CCUS

Blue Hyd
i A i Gasification + CCUS

Natural gas | coal
Turquoise Hydrogen Pyrolysis
Grey Hydrogen Natural gas reforming

Brown Hydrogen Brown coal (lignite)

PRODUCTION VIA
FOSSIL FUELS

Gasification

Black Hydrogen

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

Fonte: https://globalenergyinfrastructure.com/articles/2021/03-march/hydrogen-data-telling-a-story/
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- Padrao estabelecido pela Europa

Metano do biogds x metano do gas

> natural

HIDROGENIO MUSGO: oriundo da
biomassa

Biomassa residual lignocelulésica

CCSU = captura e aprisionamento do
COo2



Oferta e demanda Hidrogénio?

Gas natural 196 Mtep

Produgao
dedicada

de hidrogénio &
Carvao

mineral

Petroleo 2 Mtep

Eletricidade/ 2 Mtep
L Outros —

Hidrogénio
como coproduto

Fonte: EPE, 2021.

Fonte:

69 MtH
(Menos que 0,4 Mt com CCUS & menos
que 0,1 Mt de origem renovavel)

38MEH,

31MEH,

<0,01 MtH,

Refino

Produgao
de amonia

Transportes|

Outros
Produgao
de metanol
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i Outros
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94 Mt em 2021



Consumers

é produzido?

Principais
tecnologias.



Como o Hidrogenio é obtido?
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Fonte: https://mww.hyundaimotorgroup.com/story/CONT0000000000002990




Tecnologias de producao H2 sustentavel

H2 Azul

Overview

Handling of
carbon/CO,

Variants

METHANE REFORMING

WITH CCS
“BLUE HYDROGEN”

Reacts methane with water,
resulting in the primary
formation of hydrogen and
gaseous CO,

Requires CO, generated by
-the processtobecaptured

» Steam methane reforming
(SMR): Methane
combustion with air
(TRL9)®

» Auto-thermal reforming
(ATR): Methane
combustion with pure
oxygen and a catalyst

(TRI 8/

» Electric steam methane
reforming (ESMR):
Methane heated with
electricity (TRLB)™

PYROLYSIS
“TURQUOISE HYDROGEN"

Decomposition of methane
in the absence of air/
oxygen, resulting in the
primary formation of
hydrogen and solid carbon

Produces “carbon black,” a
form of solid carbon

» Thermal decomposition:
Methane decomposition
at over 1000°C (TRL5)

» Plasma decomposition:
Plasma torch
decomposition up to
2000°C (TRL9)

» Catalytic decomposition:
Catalyst decomposition
under 1000°C (TRL5)

ELECTROLYSIS
“GREEN HYDROGEN"

Splits water with electricity,
resulting in the formation of
hydrogen and oxygen

Does not produce any CO,
or solid carbon

» Alkaline electrolysis:
Uses alkaline material for
electrolysis (TRL9)

» Proton exchange
membrane (PEM): Uses
polymer material for
electrolysis (TRL9)

» Solid oxide electrolyzer
cell (SOEC): Uses
solid oxide material for
electrolysis (TRL8)



Reforma a vapor do metano (SMR)

Flue gas
(CO,) = 19%
Pco,=0.2 bara

A A
NG feed (CO,) = 15%
SMR
=D wes | > psa
Pco, = 3.4 bara
Fuel gas : \
Tail gas (CO,) = 45.1%, P¢o, = 0.6 bara

H2 Cinza

NG fuel



Reforma a vapor do metano + CCSU

FIGURE 14 - Steam methane reforming process
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Reforma a vapor do metano (SMR)

FIGURE 13 - Methane reforming parameters summary

STEAMMETHANE | AUTOTRHERMAL

REFORMING REFORMING

(SMR)

(ATR)

Hydrogen produced (GJ)

Electrical energy (kWh) -7.75 19.0
Natural gas (MJ) 1,235 1,207
CO, capture rate (%) 60 94
CCS electrical energy (kWh) 5.3 3.2
CCS natural gas (MJ) 104 0

ELECTRIC STEAM
METHANE
REFORMING (ESMR)

61.2

1,008

98.6

7.8

0

Baixo consumo de eletricidade



Tecnologias de producao H2 sustentavel

METHANE REFORMING

H2 Verde

Overview

Handling of
carbon/CO,

Variants

WITH CCS
“BLUE HYDROGEN”

Reacts methane with water,
resulting in the primary
formation of hydrogen and
gaseous CO,

Requires CO, generated by
the process to be captured

» Steam methane reforming
(SMR): Methane
combustion with air
(TRL9)®

» Auto-thermal reforming
(ATR): Methane
combustion with pure
oxygen and a catalyst
(TRL8)™

» Electric steam methane
reforming (ESMR):
Methane heated with
electricity (TRLB)™

PYROLYSIS
“TURQUOISE HYDROGEN"

Decomposition of methane
in the absence of air/
oxygen, resulting in the
primary formation of
hydrogen and solid carbon

Produces “carbon black,” a
form of solid carbon

» Thermal decomposition:
Methane decomposition
at over 1000°C (TRL5)

» Plasma decomposition:
Plasma torch
decomposition up to
2000°C (TRL9)

» Catalytic decomposition:
Catalyst decomposition
under 1000°C (TRL5)

ELECTROLYSIS
“GREEN HYDROGEN"

Splits water with electricity,
resulting in the formation of
hydrogen and oxygen

Does not produce any CO,
or solid carbon

» Alkaline electrolysis:
Uses alkaline material for
electrolysis (TRL9)

» Proton exchange
membrane (PEM): Uses
polymer material for
electrolysis (TRL9)

» Solid oxide electrolyzer
cell (SOEC): Uses
solid oxide material for
electrolysis (TRL8)




Eletrolise alcalina

FIGURE 17 - Electrolysis process material and energy flows
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FIGURE 18 - Electrolysis parameters summary Al'to consumo d ee I e‘t rl C | d ad e
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Hydrogen produced (GJ) 1 1 1

Electricity (kwWh) 381 360 282
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Reforma a vapor do biogas/biometano
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H2 Verde Musgo
Reforma bioga’s/biometano https://doi.org/10.1016/j.fuel.2022.123449



https://doi.org/10.1016/j.fuel.2022.123449

Reforma do etanol

Possibilidade de captura

CO2

o

B ,p"”b":‘”ﬂ"

Ethanol CHO

L A

Reforma do etanol

Fonte: https://agencia.fapesp.br/shell-raizen-hytron-usp-e-senai-firmam-parceria-para-a-conversao-de-
etanol-em-hidrogenio/39548/

H2 Verde Musgo



Ceélulas combustivel: tradicional e a etanol

Pesquisa: Hidrogénio e eletricidade a partir do etanol
Hidrogénio

Com informacées da Agéncia Fapesp - 12/08/2022

Célula de combustivel individual

Fuel tank
SOFC system 100% Ethanol
(Fuel cell system) * Or Ethanok-blended
e water
Reformer
-— B
Eletrohto
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Gasificagao/Pirdlise de biomassa
H2 Verde Musgo

Gas I

water-gas-shift NH
steam Synthesis gas reaction > (NH;)
Oil reforming

 partial CO+H Fischer-Tropsch | Synthetic
- oxidation 2 synthesis fuels
Coal o
e (SyngaS) methanol CH3OH
Bio synthesis dimethylether

mass -






Sustentabilidade H2 — emissoes de C0O2

MARROM

- Produzido por meio da
gaseificagdo do carvao

- Baixo custo, mas com muitos
danos ao meio ambiente

CINZA
- Produzido por combustiveis
fosseis, como o gas natural

- Emite CO2

- Amplamente utilizado no mundo
- Forma mais comum de producao
- Reforma a vapor do metano sem
sequestro de emissoes

Fonte: Governo Federal

Quanto menor a emissao de CO2, mais sustentavel é o H2

VERDE

- Produzido por processos como a
reforma do etanol, gas de biomassa
ou pela eletrdlise da dgua, usando
energia renovavel (edlica ou solar)

- Alto custo de produgao

- Produzido com o emprego de gas
natural, mas com a capturaeo
sequestro das emissdes de carbono
OU COm Seu reuso

-0 CO2 é capturado nas chaminés
das industrias e armazenado em
local apropriado

- Baixa producao devido a falta de
projetos de sequestro de carbono

Rota Marrom/Preta

-- Rota Cinza  ------
) a8 2
CH4 + D&O E g‘ﬂ
Metano Vapor Zg g

Rota Azul :
o o Tecnologias
da , =]
CH, + & + ‘g £ g%
Metano wvapar & sequestro E ]
de carbono
Rota Verde
N\
HO ., (2 i
Agua Energia 3
renovavel w

O+

+(=)
O+®



Sustentabilidade H2 — emissoes de C0O2

Green or Blue—How Clean is Hydrogen? H2 Verde

Hydrogen is a clean burning fuel, but its production requires electricity or fossil fuels.The

limate benefits of lled “blue hyd ," made with natural d carb t ~ . ~
technology,canvary areatly depending on methane aks and capon cprurerates. - N A0 €Mite, mas também nao captura

BLUE HYDROGEN GREEN HYDROGEN

combines natural gas with steam to uses electrolysis to separate hydrogen
produce hydrogen and carbon and oxygen from water. Energy used for
dioxide. Some or most of the CO2 is this process is from renewable sources
captured and stored underground. and oxygen is the only emission.

Zero-carbon @
co2 elect,

Methane

Gas pipelines can
leak, releasing

methane into the
environment

NOTE: lllustration is diagrammatic and not to scale. H 2 / \Z u I

SOURCES: Gasunie; Columbia University SIPA; S&P Global Market Intelligence; Sierra Club PAUL HORN / Inside Climate News (C C S U )




Sustentabilidade H2 — emissoes de C0O2

FIGURE 19 - Cl for compressed hydrogen (plant gate and downstream Cl separated)
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¢ Demanda mundial de H, em 2021 - 94M ton
38.8138.8038.7 1.02 1 1.86
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FIGURE 35 - Achievable cradle-to-plant-gate Cl ranges in BC today

LOW END CI: SOLID OXIDE HIGH END CI: SMR + CCS
ELECTROLYSIS (60% CO, Capture)
Compressed hydrogen 11.9 gCOe/MJ 38.8gCO,e/MJ
Liquefied hydrogen 12.0 gCOe/MJ 4019CO,e/MJ

Quanto menor a emissao de CO2, mais sustentavel é o H2



Sustentabilidade H2 — emissoes de C0O2

Direct and indirect GHG emissions from Hz production

Quanto menor a

UK low-carbon H, standard EU Taxonomy threshold

L . ~
2 95% CCUS N5 emissao de CO2,
f_u o ~r . r’ r’
5 Sewocus menn mais sustentavel é
5 noccus I H2
0
95% CCUS Iﬂ:__ i
T 90% ccus hl o
(&) — ]
no CCUS i [1
LI L .
-- Low-emission hydrogen production, 2020 and 2030
g 95% CCUS | I]I]:__: i yeresen® oo
E 90% CCUS I i ]]::: o Electrolysis w/ CCUS i 5 Electrolysis w/ CCUS
k=] [ = 2 ° z a
® no CCUS :[-J:-J:": f: : :: l:dv:le East
-25 -15 -5 5 15 25 e " 8 United States
GHG intensity (kg CO,-eq/ kg H,) o o mEsyainge200 g aGhina
ODirect OUpstreamlow  CUpstream high 1: 2030 e 7 Canada
2021 oLatin America
6 ©APS 4 e Am
4 B Australia
IEA. All rights reserved 2 z SEurope
0 0

Notes: UK = United Kingdom; EU = European Union; CCUS = carbon capture,
utilisation and storage; GHG = greenhouse gas.

Sources: 10-90% range for upstream coal and gas GHG emissions from |[EA (2019)
and IEA (2022), respectively. Biomass supply chain emissions from the world range in
IEA (2021) based on the GREET model.

|IEA. All rights reserved

Notes: RoW = rest of world; APS = Announced Pledges Scenario. In the left figure, the
blue columns for 2020 and 2030 refer to projects at advanced planning stages. The
right figure includes both projects at advanced planning and early planning stages.
Only projects with a disclosed start year for operation are included.

Source: |EA, Hydrogen Projects Database (2022).
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Sustentabilidade H2 — emissoes de C0O2

PRODUCTION
VIA ELECTRICITY

PRODUCTION VIA
FOSSIL FUELS

*GHG footprint given as a general guide but it is accepted that each category can be hi

Terminology

Green Hydrogen

Purple /Pink Hydrogen

Blue Hydrogen
Turquoise Hydrogen
Grey Hydrogen
Brown Hydrogen

Black Hydrogen

Verde Musgo

Technology

Electrolysis

Natural gas reforming + CCUS
Gasification + CCUS

Pyrolysis

Natural gas reforming

Gasification

Reforma biometano
e/ou etanol

Feedstock/
Electricity source

Wind | Solar | Hydro
Geothermal | Tidal

Nuclear

GHG
footprint*

Minimal

Mixed-origin grid energy Medium

Natural gas | coal

Natural gas

Brown coal (lignite)

Black coal

Biomassa
Biocombustiveis

her in some cases.

Low

Solid carbon
(by-product)

Medium

High

MINIMA
NEUTRA
NEGATIVA




Nivel de
prontidao e
custo das
tecnologias
para producao

e de H2
Nl
e :




Nivel de maturidade tecnoldgica

Technology readiness levels of low emission hydrogen production and infrastructure

Open &
Technology readiness leve ydrogen production echn jy readiness level - infrastr ur
Reforma Biogas o P
Storage tank Triicks mmonia tanker
e Etanol (all carriers) (all carriers) LOHC tanker
o ©
. 2 L 2
SM R/ ATR + CCSU Salt caverns Pipeline new i diooen
PEM liquefaction
® ®
ALK Gaseificacao
.
biomassa ~
Pyrolysis - plasma Repurposed pipelines
SOEC LOHC
- L L 2 2 TR *
T8 . e H,blending ~ + Liqui »
EI etrOI Ise Faltiatoxkation Pyrolysis - catalytic Biomass gy ool reforming : tanker : |
AEM decomposition gasification |
L L S S
. +
ATR team reforming Biogas reforming Fast-cycling salt
PY caverns _
\ ATR - GHR i Y Lined hard rock
Coal gasification Underground reforming i cevemn
‘ ® .
Sorption enhanced Pyrolysis - thermal Natural hvdrogen Depleted gas fields H, de-blending Ammonia cracking
steam reforming decomposition 3
L L
5 Thermochemical Aquifiers
Chemical looping water splitting
Electrolysis CCus Other production Storage Distribution Conversion
() Small prototype () Large prototype () Demonstration () Market uptake () Mature
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Custos de producao do H2 com atuais tecnologias

Levelised cost of hydrogen production by technology in 2021 and in the Net Zero Emissions by 2050 Scenario, 2030 and 2050

~ 10
T
(@)] —
==
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>
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g
4 Z é [ |
zmggluu 27Uns
e
0 - [=] (=] - o o — (=] (=] — (=] (=] — o (=] — (=] (=] — o (=] — (=] o
[ [} Yol N ™ [T o (30} 7o) &} 52 Te) N ™ Te) N ™ Yo} N (32} Yol o (30} 7o)
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AN N N N N AN N N N N AN N N N N AN N N N N N N N N
Natural gas ||Natural gas w/||] Coal w/o |[Coal w/ CCUS|Wind onshorej Wind offshore| Solar PV Nuclear
w/o CCUS CCUs CCuUs

IEA. All rights reserved.

Notes: Ranges of production cost estimates reflect regional variations in costs and renewable resource conditions. The dashed areas reflect the COz price impact, based on CO: prices

ranging from USD 15/tonne CO2 to USD 140/tonne CO2 between regions in 2030 and USD 55/ tonne CO2 to USD 250/ tonne CO:z in 2050.
Sources: Based on data from McKinsey & Company and the Hydrogen Council; Council; IRENA (2020); IEA GHG (2014); IEA GHG (2017); E4Tech (2015); Kawasaki Heavy

Industries; Element Energy (2018).
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Potencial de
Brasil para |8
producao deif2
por diferentes
rotas tecnologicas




Rotas mais promissoras para producao de H2
sustentavel no Brasil

Fontes alternativas

(Solar, Edlica, PCH, CGH, UHE) - Eletrélise ‘

Biocombustiveis
(etanol / biodiesel)
Reforma

rde

N bieise [ g
N

Bio-residuos

H

(¥
(O
—
Qo
O
@
-
O
|_
v
(O
-
@)
o

(agroflorestais e
agroindustriais)

Varias alternativas tecnoldgicas sao viaveis no pais



Eletrolise (edlico)
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Figura 20 - Distribuicao geografica: geracao edlica.
Fonte: Sistema de Informagdes de Geragao da ANEEL (SIGA).

Grande potencial no NE

FIGURE 17 - Electrolysis process material and energy flows
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Biomassa/biogas
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Figura 25 - Producao de biogas. Fonte: CIBIOGAS (2019).

Grande volume de residuos e capacidade instalada de produgao de biogas

Figura 27 - Disponibilidade de residuos nas diferentes regioes.
Fonte: Jornal Brasileiro das Industrias de Biomassa (2020).



Grande potencial de producao de biogas/biometano

Raizen confirma inaugurac¢ao da planta de
producao de biometano em 2023

Gazeta de Piracicaba (SP) - Publicado: 24 Ago 2022 - 08:45 A hora e a vez do Biogés e do

© A Raizen apresentou ontem, 23, a imprensa a area onde esta sendo

.
construida a primeira planta de producio de biometano de B I O m Eta n O

[ {] Piracicaba (SP), com capacidade para 26 milhdes de metros cubicos
por ano do gas natural renovavel. Sequndo a empresa, serdo Por Redac&o Jornal Cana

o investidos R$ 300 milhdes na obra, em uma area de 300 mil metros

- quadrados, cuja produgao ja esta totalmente vendida Novas plantas para explorac¢éo dos produtos mostram que eles sd@o cada vez mais parte dos planos

antecipadamente para a Volkswagen (setor automobilistico) e a Yara das usinas de cana-de-agticar

(setor de fertilizantes).

m

De acordo com a diretora agroindustrial da Raizen, Thais Fornicola, a
unidade deve entrar em operagao em 2023 e integra o projeto da

Raizen quer produzir biogas em todas
suas usinas de etanol em dez anos

Empresa vé potencial para produzir 3 milhdes de m3/dia de biogas nas
suas 35 usinas de acucar e etanol

Gabriel Chiappini — 6 de maio de 2022 - Atualizado em 27 de maio de 2022 AA
Em Mercado de gds, Transigdo energética



Producao de H2VM + fertilizantes nitrogenados (amoénia)

Processo Haber-Bosh

0 processo foi desenvolvido laboratorialmente por Fritz Haber em 1908 e desenvolvido industrialmente por Carl Bosch entre
1912 e 1913.

Prémio Nobel de Quimica em 1918 e 1931.

N2(g) + 3H2(g) = 2NH3(qg)

Metano do gas natural

Metano, CH, I
/ Agua, H,0
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Hidrogénio da reforma do 2H20(l) — 2H2(g) + 02(g) Brasil importa mais de 85% dos fertilizantes
biogas



https://pt.wikipedia.org/wiki/Fritz_Haber
https://pt.wikipedia.org/wiki/Carl_Bosch
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FONTE: IBA E POYRY (2018) SOURCE: IBA AND POYRY (2018).

Grande volume de biomassa florestal
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olombia

Pais é dos lideres mundiais na
producao de cana de acucar com
grande capacidade instalada de
producao de etanol

Figura 24 - Producdao de etanol. Fonte: Infocana (2019).




Potential for
hydrogen
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Brazil
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