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Further increase in energy in near
future is predicted
Especially in India and China

’ <+—— current level

r been above this line

Fossil fuel is the major resources
CO, is the side product
Skyrocketing atmospheric CO, > 400 ppm
Adverse effects on our climate
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§°@ How can we stop this adverse effects?
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UN CLIMATE CHANGE CONFERENCE

COP21-CMP11

UK 2021

IN PARTNERSHIP WITH ITALY

United Nations meeting in Paris, 2015 & Glasgow, 2021
Need to reduce greenhouse gas emission

India has pledged to lower the CO, emission by 45% by 2030
&
Carbon neutral by 2070



Learning from nature: Storing natural
energies in chemical bonds

Renewable Energy
Sources (Solar, Wind)

Catalyst 1

Photosynthesis H, production

(energy storage) (energy storage)
+ Carbohydrate + H-H
CO2 orH or H-H H
Respiration .
. H, oxidation
(energy extraction) 2 . . .
Biological (energy extractlon)/ Artificial
blue print SILUAL model

Energy for Electric
cellular processes Energy
» Following nature’s blue print

» Storing energy in H-H bond




Hydrogen Market in India

Hydrogen demand 2020 Hydrogen demand 2030 Hydrogen demand 2050

6 MMT 9 MMT

Refining Refining
40% 40%
Chemicals &
fertllizers
57%
: ~ "1 ~ " ~ ’

Share of Green Hydrogen - Nil Share of Green Hydrogen - “30% | | Share of Green Hydrogen — 80%

TERI, ICRA Research

» A significant presence

» Rapid increase in demand expected



The H, spectrum

Hydrogen Color Spectrum

St TURQUOISE
Hydrogen produced by electrolysis of 5

water, using electricity from renewable
sources like hydropower, wind, and
solar. Zero carbon emissions are
produced.

Hydrogen produced by the thermal
splitting of methane (methane
pyrolysis). Instead of CO,, solid
carbon is produced.

PINK/PURPLE/RED BLACK/GRAY

Hydrogen produced by electrolysis Hydrogen extracted from natural gas
using nuclear power. using steam-methane reforming.

YELLOW BLUE
Hydrogen produced by electrolysis Grey or brown hydrogen with its CO,
using grid electricity. sequestered or repurposed.
WHITE BROWN
Hydrogen produced as a byproduct of Hydrogen extracted from fossil fuels,

usually coal, using gasification.

industrial processes.

NACFElIN

Note: There are no official definitions of these colors, but the above represents common indusiry nomenclature. Moo ARIACAN COUNCA, POm PRI 12 PICRNCY
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COAL REFORMING NATURAL GAS REFORMING WATER ELECTROLYSIS

NATURAL GAS BIOMETHANE (GASIFICATION)

BIOMETHANE BIOMASS

TRANSPORTATION & STORAGE
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TRANSPORTATION CHEMICAL INDUSTRIES ENERGY &. STORAGE LIQUEFACTION & EXPORT

http://www.chem4us.be/

Industrial H, production resources:

1. Coal/methane
2. Biomass
3. Water

Carbon Footprint

H, spectrum and prospective future

Coal
Gasification

Steam Methane
Reformation

H, production
from reduced
carbon sources

Sustainable
H, production

H, production cost

Balancing cost of production and environmental impact



Our global stand on Hydrogen map

Transporation

Fuel Green Hydrogen Roadmap
for India is developed

Large-scale H, utilization
for energy utilization

POLICY INTERVENTIONS

NATIONAL DEMONSTRATION PROJECTS (Proposed)
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H2 BharatTruckmg H2 BharatPort  H2 Industrial
I
Aspirational H2 'gd': Sreen vaﬂ;gen Project on Delhi- & Logistics Clusters
energy share ycrogen E Mumbai Industrial Clusters (Steel, Fertilizer)
. . Taskforce und Corridor
3
India: An emerging force

in the global level

atuonal Green Inter-govt H2 Municipal e Coal-

H\/drogen Group, fiscal Bio-Gas H2 ' Gasification

Policy and incentives, global project el H2 project
— Roadmap 2021

harmonisation

DESIRED OUTCOMES BY 2030
mworm to come India in Global H2 10 National USD500 mn 75,000 GW-scale
Annc.:)unced large-scale hydrogen projects,bytype», October 2021 A Heat/distributed power @ g:mpeg!cyMgn'l‘:alc:uingof :rzg : ;eoii:;ttr:ton E:ﬁ:ng’;dzgyszg)ogen g:::‘r:‘t;r;gbesn 2;2:&”.3“‘1.3
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Partnershi d H2 Indi
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@
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existing infrastructure
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Current Hydrogen Chain

Transporation 196 Mtoe

38 Mt
Refining
Natural
Fuel gas
3 Demand
Ammonia for pure
Dedicated Coal hydrogen
hydrogen
production Transport
Oil Other
Chemicals/metals Electricity =
lother 2 Mtoe Methanol
Demand for
DRI hydrogen mixed
 mmrEE with other gases
By-product
hydrogen Other
e.g. heat
48 Mt Hz of which <0.3 Mt
Haz produced with . .
ri_:ngawmles DRI: Direct Reduction of Iron

Heat/distributed power

Source: IEA
Different Sources & Multiple Utilization of Hydrogen

Rambhujun et al., MRS Energy & Sustainability 2020, 7, 33



Chemicals from Hydrogen
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Fertilizer and Petrochemical Industry: The Top Users

Rambhujun et al., MRS Energy & Sustainability 2020, 7, 33
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be%/ Managing CO,: A closer look at the CO, cycle

Respiration,
Metabolism

Oxidation
Biogeochemical carbon cycle

Reduced CO

2 Redox conversion between
Carbon

reduced carbon and CO,

Reduction
Photosynthesis
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@ Managing CO,: A closer look at the CO, cycle

Anthropogenic

activities Climate
co, 3 changes

Respiration,
Metabolism

Oxidation
Anthropogenic activities

disbalance the
Reduced co, biogeochemical carbon cycle
Carbon

Require to remove the excess CO,

Reduction
Photosynthesis
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@/ﬁ Managing CO,: A closer look at the CO, cycle

Anthropogenic

activities
co inm T
2 X > Steps for appropriate CO,

\‘ Atmosphere management

c02 1. CO; capture

Respiration,
Metabolism

Oxidation

capture
Reduced CcO 2. CO, utilization

Carbon 2
3. CO,; storage

CCUS Technology

CO,
cO storage

2
utilization

(conversion)

Reduction

Photosynthesis
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The CO, management: CCUS Technology

The CCUS process

‘ 3b. UTILISATION
mineral, biological,
chemical etc.

1. CAPTURE 2. TRANSPORT 3a. STORAGE

from power, steel,

e pla e, e via pipelines or ships sea or underground

15



The CO, Capture Technology

CO, CAPTURE METHODS AND TECHNIQUES

I I

[ I
: : Membrane : Chemical
Absorption Cryogenic . Adsorption :
separation looping
I
Chemical Physical Gas Gas Chemical Physical Calcium looping
absorption absorption separation absorption adsorption adsorption combustion
amines Rectisol, ceramic mebrane — abr: me(-j— activated metal
Selexol, se oxides
(MEADEA, _ dsorbent carbon,
Purisal, : adsorbents, lit (iron
MDEA), o polymeric mebrane metal zeolies, '
ammonia, ";our;fs oxides. MOFs, manganese,
PZ, others others: hybrid mebrane others others copper)
PSA, TSA, |
VSA, PTSA

16



S
S Capturing CO,: An acidic gas

Amine based capture

Other gases

DESORBER

Nosassact

Flue gas —>
<«— Reboiler

«—Lean solvent

CO,rich solvent —»

Young-Lorengz, Jillian. et al. 2013

" to sales

Conventional
distillation

Cryogenic
Refrigerant CFZ section

lowers temperature
to about -50°F

Production Conventional  Injection
wells distillation wells
Inlet dehydration

i - and refrigeration

Methane / CO, / H,S and injected into
dedicated wells

> Energy intensive

> Relatively expensive

> Energy intensive

» Hazardous material

H.S

Purified gas  CO, Tail gas "f

T1-Absorption Tower; T2-Desorption tower; T3-N; Stripping Tower; T4-Heat Regeneration
Tower: T5-Methanol-Water Separation Tower: P3-Pump

G

Rectisol Technology

» Uses methanol

» Operates at -50 °C

Yang et al,Ind. Eng.
Chem. Res. 2016, 55,
6186-6193

MOF materials

» Scaling up is an
issue

» Specific separation

17



CO, capture: Using Aqueous Solution

Bacterial
carbonic anhydrase

Following biological blueprint for
CO, capture

Genetic engineering

O=—0%}

Extraction and
purification of
carbonic anhydrase

Transf°““°d v 1
cell
\ML\“ = S
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. ore . Crushed - Glass mak-
Enzyme immobilization 4 Mineralization by direct or = |ing, ceramics and sugar
in-direct carbonation process -2 [refining
4 F ; ]
- ] =
i I = | Caleined - Construction,
| Hi = | building products, iron
E < |and steel making
- ary Industrial or -§ as—
‘__ s . atmosphcncco ; -
Source of CO, and waste

===

Effendi et al., Proc. Biochem., 87, 4, 2019, 55-65 Bhagat et al., ]. Appl. Microbiol., 124, 2, 2018, 316-335
Features oS

> Evolutionarily proven process K) /

\..Zn(u)-----o/H -------- 0%%;
» Rapid hydrolysis of CO, to bicarbonate (solution) /\/ \ ¢
> Fragility of enzyme and purification expense are problems

» Biomimetic chemistry a potential solution Dutta, Vishal



CO, capture: Using Aqueous Solution

Direct Air Capture, Carbonic Anhydrase Mimic, and Mineralization

- - v T w ’
g pni® ] %
.
. g
,

CO, purging in water Addition of CaCl,

Features

Production of
CaCO;

» Use of omnipresent water
» Rapid conversion of CO, to carbonate (solution)

» Addition of Ca(II) salt to produce solid CaCO;

» Removing ~1.0-40.0 kg CO, from air (0.04% CO,) /day Dutta, Vishal, Indian Patent Application No : 202221039765



Discharge
Water

Gas to
Compressor

Coal
Seam

Average CBNG : Bl Submersible
1l o Pump
200 { 1

Sumpj

CCUS at Coal Sector

Water Source

» Sustainable and Cost-effective
» Use of CaCOQ;j in coal industry
(prevents explosions)

CO, purging in water

Recycled

Coal Seam gas (CSG)
Water

Carbonated
solution

Filtration

Production of
CaCO;
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Green H, and CCUS

coO
Reducéon H

. 2
Reaction - H Reduction
CcO Reaction

A" \4

Fischer-Tropsch Xy

: Z: o, Reaction
Energy / \

Extraction Hydrocarbon HO Renewable

2 Energy

» Green Hydrogen a vertical for CCUS
» CO,/CO conversion and H, production catalysts will be essential

» Appropriate use of renewable energy with existing carbon-based infrastructure
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