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PARIS CLIMATE AGREEMENT

Limit the avg. global Enhance resilience and Align financial flows in the
temperature increase to < 2° adaptation to climate world with these objectives
centigrade + achieve net zero impacts certain to occur

emissions by mid-century

United Nations Framework Convention on
Climate Change’s (UNFCCC) 21st

PARIS AGREEMENT 2015 Conference of the Parties (COP 21) and
adopted on December 12, 2015.

A consensus on an accord comprised of
commitments by 195 nations to combat
climate change and adapt to its impacts.
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Leaders Summit on Climate

April 22-23, 2021
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® To accelerate actions to address
the climate crisis, including
emissions reductions, finance,
iInnovation and job creation, and
resilience and adaptation.
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Historical Burden ENGINEERING

The U.S. has an overwhelming lead over others in cumulative emissions

M Billion metric tons of carbon dioxide released between 1750 and 2018

us.

China

Russia

Germany 90.0

UK. 77.0

Japan

India

France 40.0

CO, Emissions
Canada

Poland

Source: Global Carbon Project
Note: Russian figure includes former Soviet Union.

Bloomberg Green
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Atmospheric CO,, concentrations

Source: IPCC Intergovernmental Panel on Climate Change show projected concentrations of CO,

Surface temperature change
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Carbon Sources

Carbon Based Economy Renewable Carbon (Biomass)

Non-renewable/Fossil Carbon

: Chemical Biochemical '

Oil & Natural Gas Coal Conversion Conversion Tht(e:;r:sgl:;;nr:cal

| |

New Finds of O & G: Coal to Coal to Liquid Direct Fermentation or Biomass Biomass

GtoL(GTL) Gas (CTG) (CTL) Processes Chemical enzymatic to gas to liquid

Processes Processes Conversion conversion of (BTG) (BTL)
Crude to Chemicals of Biomass biomass
(CTC) Processes

Whether it is renewable or non-renewable carbon, it ends up as CO, which must be tackled to reduce global warming

Yadav et al. (2020):Production of Fuels and Chemicals in The New World: Critical Analysis of Choice between Crude Oil and Biomass vis-a-vis Sustainability
and The Environment, Clean Tech Env Pol. 22, 1757-1774(2020). https://doi.org/10.1007/s10098-020-01945-5



Can you show any 3 man-made materials or products
without the use of chemicals ?
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Prize of 100 million pounds
waiting for anybody since 2008




Waste Generation Is Rising Globally
Kilograms of solid waste each person creates a year

@ 2016 estimated average O 2050 projection

Europe and Central Asia
North America
529

913

Middle East and North Africa
South Asia

387 East Asia and
@ 288 Pacific
Sub-Saharan Africa

. : . 296
Latin America and Caribbean 230

Source: World Bank
Notes: Data availability and methodology vary by country or region. Latest available data were adjusted
to 2016 for comparison. Figures include only residential, commercial and institutional waste.
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===m RECYLE ENGINEERING: Physical, Chemical and !al

MATERIAL
RECYCLING,
SUSTAINABILITY &
ZERO WASTE
SOCIETY

We will need 3 Earths, if we don’t recycle, reuse and reduce w

-~



Waste Generation Is Rising Globally
Kilograms of solid waste each person creates a year

@ 2016 estimated average O 2050 projection

Europe and Central Asia
North America
529

913

Middle East and North Africa
South Asia

387 East Asia and
@ 288 Pacific
Sub-Saharan Africa

. : . 296
Latin America and Caribbean 230

Source: World Bank
Notes: Data availability and methodology vary by country or region. Latest available data were adjusted
to 2016 for comparison. Figures include only residential, commercial and institutional waste.
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* The world generates 2.01 billion tonnes MSW waste annually, with at least 33 percent of that—extremely
conservatively—not managed in an environmentally safe manner.

WaSte 2 O * Waste generated per person per day averages 0.74 kilogram but ranges widely, from 0.11 to 4.54 kilograms.

Though they only account for 16 percent of the world’s population, high-income countries generate about 34
percent, or 683 million tonnes, ot the world’s waste.

* (Source: The World Bank)



Global treatment and disposal of
waste (%)

* 1.6 billion tons of CO, equivalent GHG emissions
were generated from solid waste treatment and
disposal in 2016, or 5% of global emissions.

 Disposing of waste in open dumps and landfills
without landfill gas collection systems.

* Food waste accounts for nearly 50% of emissions.

* Solid waste—related emissions are anticipated to
increase to 2.38 billion tons of CO,-equivalent per
year by 2050 if no improvements are made in the

SECtO I". Composting B Sanitary landfill (with landfill gas collection)

Incineration Open dump
B Controlled Landfill Other
Landfill {unspecified) B Recycling




Circular Energy
Storage

China to dominate recycling and second
life battery market worth US$45bn by
2030

2019-2030: 1,000GWh of remanufactured
and second life batteries

While portable electronics batteries will be
the overall biggest sector lithium battery
waste will come from,

75% of electric vehicle batteries —
everything from e-scooters to buses,
forklifts and trucks by 10 years’ time could
be remanufactured into other vehicles or
stationary energy storage systems

Source: Circular Energy Storage

tonnes

Lithium-ion batteries available for
recycling, worldwide, tonnes
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Annual availability of second life

Batte ry batteries, worldwide, GWh
Recyclability

Highly recyclable nature of _

the battery product is still = 100

often overlooked, as well as

its suitability for second life — I I

o

repurposing, make it an

important technology for

sustainability and climate —
C h a n ge m itigat i O n ‘ %nd-ofl-life bat‘ti'?,rie.s from seconf:il_[ife applications




Global Battery
Recycling

Global Battery Recycling Market
Market forecast to grow at CAGR of 11.23%

USD 16.9 billion

USD 11.04 billion

2021 2025

RESEARCH AND MA

andmarkets.com/reports/5360331 A T g



GLOBAL PRIMARY BATTERY RECYCLING MARKET 2021-2025

Market growth will ACCELERATE

M at a CAGR of over
8%

Growth Contributed by
EUROPE

o
1] 277 ¥ 756

2020 2025

The market is FRAGMENTED

with several players occupying the
markeft

Market impact:

NEGATIVE

17000+ Reports covering niche topics. Read themat  ¥technavio



l China battery recycling market revenue, by application, 2014 - 2025 (USD Million)

Battery

R [ 509.9 4
ecycling 564 i ! [] ’

snnill

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

® Transportation = Consumer electronics ® Industrial

» The global battery recycling market size was valued at USD 8.74 billion in 2016.
Stringent government regulations and the growing end-use industries including
transportation, consumer electronic, and industrial applications are expected to
elevate the demand.

» The resources for new battery production are limited in comparison to the projected
demand from various end-use industries. Battery recycling is important not only for
the recovery of valuable materials and metals but also for efficient waste
management in a bid to eliminate hazardous environmental impacts. The use of
recovered metal for recycled battery production can also help in the reduction of
CO, emissions to a large extent and energy requirements related to mining.




Energy and environment are intimately connected.

More energy, more environmental damage

The climate change is due to the overuse of fossil fuels leading
to emissions of CO, which is currently at 419.2 ppm.

E ne rgy, The energy needs of the world are increasing day by day and

: use of carbon-based fuels will continue to rise.
Environment
" Jan. 2020: 410 ppm; Jan. 2021: 412 ppm (Slow down in
and Climate o S Lok
Change May 24, 2022: 420.2 ppm

In order to meet the requirements of international treaties, the
use of renewable resources is advanced.

Is biomass as energy source new?

Should it be used for energy?






Ministry of Power, Gol, notifies Green
Hydrogen Policy, Feb. 17, 2022

° The nplnnttn of this plywll educe dpndn on fossil fuel and also
crude oil imports.

° To me t5OP cent of the untry energy r qu rements ung renewable
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Wind Power

Power Generation

Heat Production

Fuel Cells

(uses of graen hydragan)

Supply Chain of Green Ammonia
and Green Hydrogen

Decomposition
& of Ammonia é Transportation (_ Synthesis into
into Green of Ammonia Ammonia
Hydrogen

(can be used as a ferolizer)

Green Hydrogen
+ Nitrogen



Supply Chain of CO. -free Ammonia
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Carbon
based fuels
and H, as
Saviour

Hydrocarbons can also be reformed into hydrogen, but
CO, needs to be utilized.

Ref: G.D. Yadav, The Case for Hydrogen Economy, Millennium Post,
14t Feb. 2021; Guest Editorial, Current Science, March 2021



Lignocellulosic
biomass

Agricultural
residues
Waste streams
Wood

Energy crops
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Gasification

Liquefaction
Pyrolysis

Platform chemicals

i

Reactions using
bimetallic catalyst
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Oil Refinery

) Use of Fossil
Resources

Gl e
e -
Fractional
distillation

Light Oil Kerosene Naphtha Gasoline
Processes
I

Fuel Chemical Products Materials

Biorefinery

Use of Biomass

Synthesis  Sugars
Gas GLey Fats

Blo Processes

G A E

Fuel Chemical Products Bio Materials



Basic
Questions
for Planners
and Energy
Experts

Should biomass be wasted on making low value
high volume biofuels?

Biomass to chemicals & materials.
What will happen in 2054 ?
How to have a net-zero economy by 2050

co,

Biomass
refinery Consumer Carbohydrate

Bio
refinery

> 108 years



Hydrogen Usage in Oil Refinery & Biorefiner

Other Gases

Refirery Fuel
Ha%

= [Emen—fre—:.. PROCESSES IN REFINERIES

Gaz Hy Gas

Gas Hy
Maphtha
Jet Fuel
kerosene Herosens
Gas Hy

Oiesel Ol f 1 irctrester Diesel il

Btmospheric
Gaz Oil

Atmosphers  Distillation
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non-condensibles Gas

Atmospheric
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Heawy
‘WU

Gas Cil

Sacuum
Distillation

Wacuurn Residuurn

Bsphalt
Blowing

= Finished products are shown in blus

- Sour waters are defved from warious distillation tower
reflux drums in the refinery

= The "other gases" entering the gas processing unit
includes all the gas streams from the warious
process units

FCC Feed
Hydrotreater
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= - .
Hydrotreater
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REFINERY PROCESSES
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I (e
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Delayed Coker

P

Natural Gas
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Three scenarios to explore the energy transition: BP Energy Outlook

&QZ‘Q/S%%% energy use

Ranges show 10th and 90th percentiles of IPCC scenarios,
Gt of CO, ! "
40
35
30
25
20
. Rapid Well below 2°C
—O0— Net Zero ‘
10 —O— Business-as-usual
s - IPCC 2°C Median s
----- IPCC 1.5°C Median :
0
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. . IHC, - Hyd h f 2%
Consumption and production of hydrogen o the gobal energy i m 2018 to 12 245%

by 2050, at ~ 8% CAGR at the mid-point.
Investment of USD 150B by 2030

EJ EJ

Hydrogen use by sector ., Hydrogen production by type
70
—FEELLRANGE] {EELLRANGE}— —fEELLRANGE— —FEELLRANGE}—
= Power 60 ® Grey Hydrogent
60
m Transport
50 Buildings 50 " Blue Hydrogen®
® Industry
40 40 = Green Hydrogen?
30 30
10 10
0 - 0 |
2035 2050 2035 2050 2035 2050 2035 2050

1) produced from natural gas (or coal), without CCUS.
2) produced from natural gas (or coal) with CCUS
3) made by electrolysis, using renewable power



H, The

Cleanest
Fuel

COLOURLESS AND
ODOURLESS

EXTREMELY LOW BOILING
TEMPERATURE (-253 °C)

DOES NOT EASILY LIGHTEST WEIGHT
SPONTANEOUSLY COMBUST,
IGNITION POINT 570 °C
(<PETROL 500 °C)

HIGH COMBUSTION PRODUCES NO FLAMES WHEN
TEMPERATURE (3000 °C) BURNT; REDUCES GREEN
HOUSE EFFECTS



Specific Energy

= _llo-ldul‘eslsfaih (kj/g)

140 |

120

100 |

8 & 8 8

T N Y SO N S S

Source: DOE, Green Econometrics research



Hydrogen
Production

For the hydrogen economy to be a reality,
hydrogen must be produced cheaply and in
an ecofriendly manner, and it should serve
as the commercial fuel that would provide
a substantial portion of the country’s
energy demand and services.

Net-(carbon)-zero economy, green
hydrogen will have to play a dominant role

36



Green, Blue and Grey Hydrogen

Green H, : Electrolysis of water
using clean electricity from wind,
solar, hydro, or nuclear energy or
Thermochemical Processes like

Cu-Cl or I-S cycles. Gold standard.

Zero GHG emissions.

Blue H,: Steam reforming of
(waste ) biomass, biogas, biooil,
or natural gas giving the other C
as CO,.

Captures up to 90% of the C
having low to moderate carbon
intensity.

Grey H,: Steam reforming of
fossil coupled with co-generation
of carbon dioxide; and this
method is the most common
technology which is increasingly
unpalatable because of the
emissions of carbon dioxide.

37



Hydrogen production without carbon
dioxide

Newer Hydrogen Production Method

No Greenhouse Gas Pollution
.1.1ton

1.1 ton H2
$944

(Elec $198 +
power gas $746

USEIA 2019)

Methane
Pyrolysis

Solid Carbon: 3.3 ton
Industrial use or to
landfill (no pollution)



Five shades of hydrogen

Electricity from
renewable
sources is used
to electrolyse
water no and
separate the
hydrogen
and oxygen o

Produced using
natural gas

via "steam
reformation";
most of the
greenhouse
gas emissions
are captured
and stored

Produced using
natural gas via
"pyrolisis" by
separating
methane into
hydrogen .
and solid carbon
dioXide co.

Produced using
natural gas

via "steam
reformation”,
but with no
carbon capture
and storage

© Professor G.D. YADAV * INSTITUTE OF CHEMICAL TECHNOLOGY * MUMBAI

Produced using
coal instead of
natural gas, but
with no carbon
capture and
storage; this
remains the
cheapest form




Cost comparison of different hydrogen production technologies

Coal

Gasification
No CCS

Highest GHG emissions
(19 tCO,/tH,)

$1.2 to $2.1 per kg H,

Grey

Natural gas

Steam methane reforming
No CCS

High GHG emissions
(11 tCO,/tH,)

$1 - $2.1 per kg H,

Natural gas Renewable electricity
Advanced gas reforming Electrolysis
CES

Low (
(0.

$1.5~

ICT Mumbail-OEC Process

$ 0.95 per kg Hydrogen plus
0.80 credit for Oxygen for 100
TPD capacity

Note: GHG - greenhouse gas; CCS - carbon capture and storage; tCO,/tH, — tonne of carbon dioxide per tonne of hydrogen.
Source: IEA, The Future of Hydrogen, Karuizawa, Japan, June 2019.

© Professor G.D. YADAV * INSTITUTE OF CHEMICAL TECHNOLOGY * MUMBAI




ICT-OEC Cu-CI| Thermochemical
Process for Green Hydrogen
Production: Pilot to Commercial
Scale Roadmap-Make In India !

G.D. Yadav,

D.Sc., D.Eng. FNA, USNAE, FTWAS

National Science Chair (SERB/DST)
Emeritus Professor-of Eminence

Institute of Chemical Technology Mumbai




Brief Overview

ICT in collaboration with OEC have been developing hydrogen production technology using
thermochemical Cu-ClI cycle with indigenous efforts since 2007.

o o ® ®
2007-11 2012-15 2015-17 2017- ongoing
Phase | Phase Il Molten Salt study Phase Il Phase Il (Pilot
Proof of concept La_bora_tory Scale Invesftigation of Continuation of _ §gﬁ|1_ér)

engineering process properties of molten closed loop investigations on

salt as heat storage experimental studies ICT-OEC CuCl

medium & development of Cycle: Studies on
electrodes alternative Separations, Material

to platinum on CuCl screening and
Cycle integration of molten
salt media

42
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Step 1: HYDROGEN GENERATION
450°C 2C
2Cu .+ 2HCly, ———> 2CUuCly+ Hayg,

Step 3: DRYING

22ND APRIL 2022

Step 2: ELECTROLY SIS

RT
2Cu,, + 2CUCly,, €—— 4CuCl,

150°C

ICT-OEC CuCl Cycle

Step 5: DECOMPOSITION

CucCly, 530°C
CuCly, + % Clyy,, €———CuClyy,
=
O
= O,
Step 6: OXYGEN GENERATION
) 530°C )
CUO + YClyy —>CUCIy+ ¥ Oy
S
=
CucCly, =
CuClyy,

Step 4: HYDROLY 515

Cucl 400°C
“= CUCIy .+ HyO g 5 CuOy,+ 2HCI,,,

43




PARIS AGREEMENT 2015: NET ZERO GOAL
Green Hydrogen, CO, Refineries & ICT Mumbai’s Contribution )

WERE) [ Hydrocarbons
Biomass,

rMethanoI
Plastics (DME

HCOOH

Formates

Syngas (F T Synth)

Alcohols

Green Ammonia

Fuel Cells

H, vehicles

Biomass

Electricity

Green Steel

Projected cost of hydrogen by ICT-OEC Process: ~ 1 USD/kg @ G.D. Yadav



Cost Comparison of Hydrogen for CuCl plant

e

Hydrogen Production Capacity

12MTPY 50MTPY 100MTPY 1TPD 5TPD
Cost (INR) Cost (INR) Cost (INR) Cost (INR) Cost (INR)
Fixed Capital INR 111,099,913 261,569,423 396,465,107 862,145,746  2,264,449,775
Investment (FCI)
BEdIng Sl INR 19,605,867 46,159,310 69,964,431 152,143,367 399,608,784
Investment (WCI)
Total Capital INR 130,705,780 307,728,733 466,429,538  1,014,289,114  2,664,058,558

Investment (TCI)

TOTAL PRODUCT INR

e 18,632,835 43,868,440 66,492,122 144,592,548 379,776,348

N o\o\e . tons Hoday 0.03288 0.13699 0.274 1 5
LIFE OF CU-CL
SLANT YEARS 30 30 30 30 30
MOLAR COST OF
YDROGEN INR/kmol H, 726.503 410.508 311.107 185.350 97.365
Y INR/Kg H, 360.369 203.625 154.319 91.940 48.296
I usD/kmol H, 9.952 5.623 4.262 2.539 1.334
I usDlkg H, 4.976 2.812 2.131 1.270 0.667

* Note: 1 kg of H, produces 8 kg O, which is valued at USD
0.1/kg, giving USD 0.8 credit .




Renewable Energy Projected to Account for Three Quarters of Global Power Generation

World e
Thousands of Terawatt Hours (TWh)

49
. Other —
E n e r g y Solar 45
Wind
SCen e B oo Solar
Nuclear
B oi
Gas
. Coal
/The share of the \ Wind

renewable energy 21
will increase from
current ~27% to
~51% by 2035 to
~73% by 2050

Q)taling 49000 TWhj

Hydro

Nuclear

Gas

Coal

1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

-

w “Other” includes biomass, geothermal and marine.
. Source: McKinsey Energy Insights’ Global Energy Perspective (January 2019), U.S. Global Investors




PETROLEUM REFIN

Crude Oil

\/

s
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150°C
'"_"_’u"l.‘z Gasoline

0°C (Petrol)

[ d_
Kerosene
300°C
Diesel Oil

FURNACE

Fuel Ol

Lubricating Oil,

Paraffin Wax,
Asphalt
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Alcohols

Organic acids

Nitrogenous compounds
Sugar and derivatives
Phenol, Furan

Fatty acid

P Syngas
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Functionalized
specialty
materials

Metal-catalyzed
Oxidation

O cyclic
ethers

Acid-catalyzod
Dehydration

() Sugar
alcohols

Metal-catalyzed
Hydrogenation

O Acids

M\

& ketones

Metal-catalyzed
Oxidation

) Alcohols

Acld-catalyzod
Hydrolysis

) Building block
molecules

Bifunctional
metal-catalyzed
Hydrogenolysis

O Large
organics

Base-catalyzod
Condensation

Esters

Acid-catalyzed
Esterification

<\

-4
Furfurails

Acid-catalyzed
Dehydration
Isomerization

)C5&C6
sugars

e

) Cellulose

7\

<“ Biomass

& hemicellulose

A Lignin
SN
Motal-catalyzed
Bifunctional Dehydrogenation
Motal-catalyzed Motal-catalyzod metal-catalyzed Demethoxylation
Oxidation Oxidation Hydrogenolysis Doalkylation
Diacids Syringaldehyde Propylphenol (O BTX chemicals
Aromatic acids Vanillin Eugenol
Vanillic acid Syringols
Aryl ethers

Alkylated methyl aryl ethers

Acids

Acid-catalyzed
Dehydration

A rich catalog of
catalytic processes
IS avallable for
producing value-
added chemicals
from biomass.



A path forward: Convert, not refine

(32w RN 02:fRL

Fuels Chemicals

® EN ox TR .

Energy and mass balances on crude oil and biomass reveal that the latter is better suited for
use as a feedstock for chemical manufacturing.

Yadav et al. Clean Tech. Environ. Policy, Sept 2020.
https://doi.org/10.1007/s10098-020-01945-5



Fuels

100%

b o/

p 3

215

10

320

B o

BN second

The difference between the fuel and chemical production capacities for biomass, when scaled to refinery output, is even
wider, thereby showing that biomass should be used to manufacture chemicals and not fuels. (Yadav et al 2020)



Methanol is a versatile feedstock for the production of fuels and
chemicals, although it should be used for for chemical

mant

Methyl methacrylate
Methylamine
Biodiesel

| Dimethyl terephthalate
2%1%

Chloromethane 2% 2%

3%
Others /
7%,;:.' 9

Dimethyl ether /B
7% N
Global production
75 megatons/yr
9%
Acetic acid
14%
10% Gasoline blending
Olefins L o

Formaldehyde
30%

13%
MTBE

Methanol Economy

Yadav et al. Clean Tech. Environ. Policy, Sept

2020. https://doi.org/10.1007/s10098-020-
01945-5

Mondal & Yadav, Green Chem. 2021 : Methanol
Economy


https://doi.org/10.1007/s10098-020-01945-5
https://doi.org/10.1007/s10098-020-01945-5
https://doi.org/10.1007/s10098-020-01945-5
https://doi.org/10.1007/s10098-020-01945-5
https://doi.org/10.1007/s10098-020-01945-5
https://doi.org/10.1007/s10098-020-01945-5
https://doi.org/10.1007/s10098-020-01945-5
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Single Use Plastic (SUP): Should it be

banned?

Plastic bag legislation in the United States

. Plastic bag ban Plastic bag taxes Recycling or reuse programs _

N ‘\\
N\
%
\\ \
@
* —
s
H
B
Data via National Conference of State Legislatures \ V&

Many uncolored states have enacted city/local laws, but not state-wide legislation ~_. RQUICThiIBOQ-C

g & wrappers |
K 4 © Wet wipes

- p - & sanitary
e | items

INDIA TO BAN SIX SINGLE—-USE PLASTIC
PRODUCTS FROM OCTOBER 2, 2021

PLASTIC BAGS SMALL PLASTIC

—\ BOTTLES

il KETCHUP

PLASTIC STRAWS CERTAIN TYPES PLASTIC CUPS
OF SACHETS



European Single-Use Plastics (SUP) Ban: At a glance

EU SUP Directive

Product bans

Design requirement

Target for separate

collection

EPR obligations

Awareness measures

SUP ban (July 2021)
where non-plastic
alternates are
available

2025: 25% recycling
content in PET
beverage bottles

l

Cotton bud sticks,
cutlery, plates, straws,
stirrers, balloon sticks,
oxo-degradable
plastics, EPS food
containers and cups

Source: IHS Markit

2030: 30% recycling
content in all
beverage bottles

77% of single-use
plastic bottles with
caps and lids by 2025

90% of single-use
plastic bottles with
caps and lids by 2029

All Member States
must establish EPR
schemes by 2021

l

Aim for measurable
quantitative
reduction in
consumption of SUP

2024: Container caps
and lids to remain
attached to the
container

Includes cost of litter
cleanup, transport,
and treatment, and
awareness

Food containers,
packets, and wrappers,
beverage containers
and cups, tobacco
products with filters,
wet wipes, balloons,
and lightweight plastic
carrier bags

© 2021 IHS Markit: 2003691




Ban IS not
the solution

* If one technology creates societal
problems due to irresponsible
usage by citizens, another
technology should solve it.
Legislation is then secondary.

* SUP can be recycled using
Chemical Processes




e, Sorting at source
z ':\\3\ whether paper or

‘°*~\: plastic. Consumers
should pay some
refundable deposit.
Plastic boy collects it
and charges 5% as
collection fee and
refunds the deposit

digitally.
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Chemical Recycling



Waste Plastic
Chemical
Recycling
Techniques

Hydrothermal
Processing (HTP)

L

Chemolysis

Extraction (SSE)

1E
1| 3
Il o
2
) O
1l

Pyrolysis Chemolysis and thermolysis
e Thermosets

Gasification :
Feedstock recycling

Depolymerization
Energy recovery

Recycling polyurethanes

01

Designing for recycling

Material reduction

I I I I I
200 300 400 500 600 7OO 800 900 1,000 1700 Part re-use

Temperature, °C



Plastic
WWER(E

PVC = CI (+H,)>HCl

PET->0 (+H,)>H,0

Polyamides—=>N (+H,)=>NH,

Rubber =S (+H,)> H,S




20 GLOBAL STEEL PRO™ ~ ~p\inF STEEL PRODUCTION IN

INDIAFROMFY11-FY21

YEARS OF

o
Steel is an essential building block of our material world.

@ & 2 5

to¢
Highly durable Energy-efficient Infinitely recyclable toy
to produce

Global crude steel production has more than tripled in the last
50 years, with China dominating since the turn of the century.

1 Mt =1 Million

Metric Tons
14.0Mt
165.1Mt
15.4Mt
102.2Mt
62 2Mt
2.5Mt
6.3Mt
E67Mt -
O0.5Mt
11.8Mt /,"
4.0Mt /
same !
1974-1984 Rest of South Africa Oceania
SN North  America
ﬂﬂ A dechine in steel demand saw U.S. steel America
il
L0  preduction and industry employment
50% numbers drop by 50%.
8 OIS
During this time, the USSR became the % The globat financial ¢
world’s top crude steel producer J l @ 8% drop in overall ste

¥ 35% v27% 1

e @

® |

Installed Capacity (in MT)
B Crude steel production (inMT)

142.2
142.2
142.2

110.9
109.2
1025

FY14 FY15 FY16 FY17 FY18 FY19 FY20 FY21

Source: EY-Cll report and Ministry of Steel, Gol



Lump iron ore Iron ore pellets
HYDROGEN-BASED ROUTE TO STEEL

H:0

Electricity - }‘f’ ‘ \ Liquid steel
ey | omm) R s T
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Jiron in the fire

\ . . i

O, intensity of steel production, tonnes of CO, per tonne of steel ROLLING R:fl’; :
0 05 10 15 20 25 =
Basic oxygen furnace (BOF)
BOF, with best iron Oxide
available technology
BOF, with biofuels

/\

Shaft
' Furnace

Direct reduced iron (DRI)

BOF + carbon capture
and storage (CCS

Electric arc furnace (EAF)

EAF + zero-carbon electricity

Source: Material Economics, 2018, The Circular Economy
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Hydrogen
Production
Technologies

Thermochemical

Natural gas steam
reforming, 95%

Biomass gasification and
pyrolysis

High temperature water
splitting

Reforming of renewable
liquid fuels

Electrolytic

PEM electrolyzers
Alkaline electrolyzers, 5%
Solid oxide electrolyzers

Photolytic

Photobiological
Photoelectrochemical




wind
en ergy * * photons

CSP ——— photons
photons charge catalyst
catalyst ' separatlon ‘ H,0

H,0

CxHy proton
electrolys;s reduction

J
CO2 pool

combustion

mineral
carbon

biomass

water and land

sugars

'f solar hydrogen
bulk storage and transport J

CnH2n+2

CnomH2n+1 +m

http://www.solarify.eu/2012/05/02/opportunities-and-challenges-of-regenerative-energy-the-pivotal-role-of-chemistry/

NHg
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Technology Maturity

Technology Feed stock Efficiency Maturity
Steam reforming Hydrocarbons 70-85% Commercial
Partial oxidation Hydrocarbons 60-75%* Commercial
Autothermal reforming Hydrocarbons 60-75%% Near term
Plasma reforming Hydrocarbons 9-85%P  Long term
Aqueous phase reforming Carbohydrates 35-55%* Med. term
Ammonia reforming Ammonia NA Near term
Biomass gasification Biomass 35-50%" Commercial
Photolysis Sunlight + water 05%° Long term
Dark fermentation Biomass 60-80%¢ Long term
Photo fermentation Biomass + sunlight 0.1%° Long term
Microbial electrolysis cells Biomass + electricity 78%" Long term
Alkaline electrolyzer H, O + electricity 50-60%* Commercial
PEM electrolyzer H,O + electricity 55-70%% Near term
Solid oxide electrolysis cells H,0 + electricity + heat 40-60%"  Med. Term
Thermochemical water splitting H,0 + heat NA Long term
Photoelectrochemical water splitting H-0 + sunlight 12.4%'

Long term



Process

Feedstock

Capital cost

Hydrogen

Energy source

(M$)

cost ($/kg)

11. Dark fermentation

1. SMR with CCS Standard fossil fuels Natural gas 226.4 2.27
2. SMR without CCS Standard fossil fuels Natural gas 180.7 2.08
3. CC with CCS Standard fossil fuels Coal 545.6 1.63
4. CG without CCS Standard fossil fuels Coal 435.9 1.34
i'c'gTR S EEETS e Standard fossil fuels Natural gas 183.8 1.48
6. Methane pyrolysis Internally generated steam Natural gas - 1.59-1.70
7. Biomass pyrolysis Internally generated steam Woody biomass 53.4-3.1 1.25-2.20
8. Biomass gasification Internally generated steam Woody biomass 149.3-6.4 1.77-2.05
9. Direct bio-photolysis  Solar Water + algae 50 S/m? 2.13
10. Indirect bio-photolysis Solar Water + algae 135 S/m? 1.42

— Organic biomass - 2.57

w

© Professo

r @, D. YADAY

MUMBAD




Capital cost Hydrogen

Process Energy source Feedstock (MS) cost (S/kg)
12. Photo-fermentation Solar Organic biomass - 2.83
13. Solar PV electrolysis Solar Water 12-54.5 5.78-23.27
if‘e‘cst?éi‘;stiz‘erma' Solar Water 421-22.1  5.10-10.49
15. Wind electrolysis  Wind Water 504.8-499.6 5.89-6.03
16. Nuclear electrolysis Nuclear Water — 4.15-7.00
17. Nuclear thermolysis Nuclear Water 39.6-2107.6 2.17-2.63
18.Solar thermolysis Solar Water 5.7-16 7.98-8.40
19. Photo-electrolysis  Solar Water — 10.36
20. ICT-OEC Process Solar +Thermochemical Water 0.95

Source : Muhammet Kayfeci, ... Mutlucan Bayat, in Solar Hydrogen Production, 2019 |

‘ ©F FTOIEoo0N @e De VNV VITSIVITEENT] "-3 E g:



Cost of Hydrogen

* Electrolyser costs: 1100 USS/kW (2020) to 550 USD/kW (2030), 220 USD/kW (2040).
* Alternatives to electrolysers is thermochemical processes: Cu-Cl and I-S cycles

* Costs of CCS increases the costs of steam reforming of natural gas from 990 USD/kWh to
1850/kWh.

* Low-carbon fossil-based hydrogen: Cost in 2030 from 2.5-3.0 USD in the EU,
* Green hydrogen: USD 1.3-2.9/kg.
» Target for solar electricity is to be cost competitive with the current fossil-fueled system.

* |f the cost of installed PV power can be reduced from the present cost of about USD 5/W
installed to about USD1/W installed, the cost of solar electricity is predicted to reach USD
0.10/kWh.

Source: International Energy Agency, IEA (2019), IHC, BNEF
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Long Term Perspective of H, Economy

A
“Hydrogen economy"
(2030+)
3. As 2 Electrolysis from renewables
and nudear becomes important
E “Building infrastructure”
- (2015-2030+)
[5)
>
2 2. As 1 + more carbon based production
=
“Building market"
(2003-2015)
1. Decentralised electrolysis,
small scale SMR, tanked hydrogen

Time
Source: Hydro.



Hydrogen demand could increase 10-fold by 2050

Demand in million metric tonnes H2

600
Power generation,
500 - " buffering
400 - Transportation
300 - Industrial energy
200 - \’m%%s Building heat
y’ and power
100 New feedstock
i (CCU, DRI)
EXxisting feedstock uses

2015 2020 2030 2040 2050

Adapted from Scaling Up, Hydrogen Council, 2017. Orginal units in EJ converted to tonnes H2; 1 EJ = 7,000,000 tonnes H2.
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MOST FAVORED OPTION

2030 or 2050

Lowering the amount

Red uce of waste produced

Lm Using materials repeatedly s i
L Rec Cle Using materials to e _— i
y make new products gnR ==
) Rt'granulauo,,
L Recovering energy
Recovery from waste
L | -1:\-L7|| safedisposal of

waste to landfill

LEAST FAVORED OPTION

“Washing
Separation y
Drying B




Role of Hydrogen in Circular Economy

Extract from Land or
Air or Water

Recycle or
Use in same

Physical &/or Chemical

Mak Processing

Chemicals,
Materials/Produc
ts & Fuels/Energy
Use it. Life cycle

Make New
Chemicals .
Tigwn . Reuse In
Dispose it Materials
/Products & other form
Fuels N
v Remake or
Reprocess
Pollute Land, Water or Air in different
product or

process
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emmmmmmss------------Green Economy----------mmmmemimeel

o Improve human well-being and social equity
« Reduce environmental risks and ecological scarcities

Bio-based Economy
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Source: Kardung et al. Development of the Circular Bioeconomy: Driversa v 2021, 13, 413. https://doi.org/wﬁ390/ su13010413
-

Prof. G.D. Yadav, ICT Mumbai



2020

Hydrogen Economy
& 2050 Scenario

New
hydrogen
applications

Existing
e, hydrogen

applications

— HYydrogen is competitive in
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Hydrogen Safety

By their nature, all fuels have some degree of danger associated with them. The safe use of any fuel
focuses on preventing situations where the three combustion factors—ignition source (spark or
heat), oxidant (air), and fuel—are present.

A number of hydrogen's properties make it safer to handle and use than the fuels commonly used

today. For example, hydrogen is non-toxic. In addition, because hydrogen is much lighter than air, it
dissipates rapidly when it is released, allowing for relatively rapid dispersal of the fuel in case of a
leak.

Testing of hydrogen systems—tank leak tests, garage leak simulations, and hydrogen tank drop
tests—shows that hydrogen can be produced, stored, and dispensed safely.




Hydrogen H,

Green hydrogen is safer than conventional
fuels

« While no fuel is 100 percent safe, green hydrogen has been shown to be safer than
conventional fuels in a multitude of aspects.
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Each work h,&_-'\,-ass through
three stages: Ridicule,
Opposition and then
Acceptance

Swami Vivekanand
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