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Energy v/s Human Development Index
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Source: 2017 United Nations Human Development Index and BP Energy Outlook 2019.
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Primary cnergy consumption Saliu il

in Data

Primary energy consumption is measured in terawatt-hours (TWh).
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Source: BP Statistical Review of World Energy; and ELA DurworldinDataworgfenergy « CCBY

Mote: Data includes only commerdially-traded fuels (coal, oil, gas), nuclear and modern renewables. It does not include traditional biomass.
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Energy Iransitions

The economic and technological advances over the last 200 years E 2020
have transformed how we produce and consume energy.

, . . Fossil fuels accounted for
Here’s how the global energy mix has evolved since 1800. 78% of the global energy
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Worldwide CO, Emissions Trends

Annual COz2 emissions Our World

in Data

Carbon dioxide (COz) emissions from fossil fuels and industry. Land use change is not included.
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Source: Global Carbon Project OurWorldinData.orgfco2-and-other-greenhouse-gas-emissions, = CC BY
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Note: Global temperature anomalies averaged and adjusted to early industrial baseline (1881-1910).
Source: Climate Central, “Rising Global Temperatures and CO5,,” November 20, 2018.
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Contributors to Warming 1
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Climate — What Has Happened -

CoO, Sea level Arctic sea ice Glaciers
concentration rise area retreat
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Source: IPCC, ARG, 2021
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Limiting Future Climate Change -

o g
Higher® - Less SI;rinlI(ing Increased Ocean
BRIemperatures : nowpack = ea lce ' Acidity
[y pE },& Wlldngeather s o _
I v 1 7 £

’7
e = £
u-

I 2 ed T - ‘

)

v Warfmer®==

Changin " Oceans;
More Raingang Melting @Thawing

’
Droughts Snow Patterns Glaciers ~““#Permafrost

| e = 2 ~ -
o ST e

Source: http://archive.epa.gov

The Paris Agreement (2015) has an objective of

“holding the increase in the global average temperature

to well below 2 °C above pre-industrial levels and pursuing
efforts to limit the temperature increase to 1.5 °C

above pre-industrial levels” to minimize climate change impacts
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Increasing temperatures

Every Ton of CO, Adds to Global Warming -

Global surface temperature increase since 1850-1900 (°C) as a function of cumulative CO, emissions (GtCO,)
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Source: IPCC, AR6, 2021
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Example Decarbonization Pathway -

IEA Sustainable Development Scenario (SDS) reduces CO, emissions while also tackling
air pollution, achieving universal energy access, and assessing implications for water
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Energy Sector Transformation in the SDS -
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Gigatons of CO, emissions (GtCO,)

1000

500

CCS Key Player in IPCC 2022 Call to Action

850 GtCO,;:

Remaining lifetime emissions
from existing and planned
fossil fuel infrastructure

510 GtCO,:
The CO, limit estimated to
keep 1.5°C within reach
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Rapid Transformations Across Systems Are Needed to Keep

1.5°C Within Reach
|- T e s - == |
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with renewables and other and commercialization to low-carbon transport, shift to
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e e e e e e e e e e e e e e = - J clean fuels

Green buildings with
climate-smart materials,
technology and energy codes

Source: Authors,
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Protect and restore forests and other
landscapes, improve agricultural
practices, shift to sustainable diets,
and reduce food loss and waste

WORLD RESOURCES INSTITUTE
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Power Plant
or Industrial
Process

CO,
Capture &
Compress

CO,
Transport

CO, Storage
(Sequestration)

: - Depleted oil/gas fields

- Post-combustion - Pipe“ne
USEFUL - Pre-combustion - - - Deep saline furmatmns
PRODUCTS -
(e-g., electricity, fuels,
chemicals, hydrogen)
Source: Rubin, AAAS, 2010
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Geological Storage Options for CO,

1 Depleted oil and gas reservoirs

2 Use of CO, in enhanced oil recovery

3 Deep unused saline water-saturated reservoir rocks
4 Deep unmineable coal seams

5 Use of CO, in enhanced coal bed methane recovery
6 Other suggested options (basalts, oil shales, cavities)
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Aspects of CCS Deployment -

Storage resource potential

Regulatory compliance

Permitting

Injection dynamics

Cost, revenue
Monitoring

Plume/leakage tracking

Risk
Assessment

Containment loss
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Revenue Sources for CCS Projects -

USA - 45Q Tax Credits

$60/ton $85/ton $130/ton $180/ton

CO2-EOR with Sequestration in Direct air capture
associated storage saline aquifers with CO2-EOR

Direct air capture
& sequestration

EU Carbon Permits 1D W~ Z ® o

EU Garbon Permits (EUR) 98.86 -3.00 (-3.03%)

EU ETS (Emissions
Trading Scheme) with
European Emissions
Allowance (EUA) permits
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Cost of Carbon Capture and Storage

USD/tonne
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https://ieaghg.org/docs/General_Docs/Iron%20and%20Steel%20Presentations/20%20Maas%20ZEP%20COSTOFSTORAGE%20STEELCCS%20091111.pdf

Project information is captured and shared publicly by the Global Carbon CCS Institute in its CO2RE

CCS Projects by Source

database (GCCSI, 2021)
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Why Hydrogen? -

H2 is carbon free energy carrier and feedstock to
many industrial processes

Potential role in decarbonizing multiple sectors
(power, transport, cement/steel)

Demand could exceed 530 Mtpa by 2050 —
corresponding to 6 GT CO2e emissions abatement

Requires scaling up clean hydrogen production by
250x (from 2Mtpa currently) + CCUS (!)

Source: Hydrogen Council, 2017
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Hydrogen Production — The Colors

RENEWABLE OR NATURAL

NUCLEAR POWER GAS ook

H, H, H, H.

Hydrogen Hydrogen B Hydrogen
GREEN GRAY BLUE BROWN
HYDROGEN HYDROGEN HYDROGEN HYDROGEN

(DECARBONIZED) (DECARBONIZED)

$4-7/kg $2/kg $1.6-2.3/kg $1.3/kg

Source: rff.org
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Million Tonnes of Hydrogen
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Potential Clean H2 Demand for 2050 -

Source: Blue Hydrogen,
Global CCS Institute, 2021;
Hydrogen Council, 2017

POWER GENERATION
TRANSPORTATION
INDUSTRIAL ENERGY
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Physical Storage Options

Hydrogen
Underground Storage
(HUS)
Pressure Vessels Cryogenic Geologic Storage
Spherical Pipe Pre-stressed __.. . Lined Rock
WireTough Aquifi Salt C
Vessels Storage Concrete frelous Aquifer At Lavern Cavern
Pressure, bara 1-10.4 7-100 71-875 7-875 20 150-170 55-152 10-230
Diameter, m 395 14 22 0.43 20 35
Wall Thickness, mm 34 110 6-12
Length, m 200 (13x15) 92
Depth, m 1,500 1,200 115
Height, m 53 52
Water Vohune, m® 32,000 6.100 2 0.77 3400 4,141,000 566,000 40,000
Net Volume (STP), m° 273,664 500,556 10,979 428 [ 2,558,399 211.346.012 41379324 7.119.024
H; Stored. t 27 50 1 0.0389 54,000 6.000 672
Working Capacity, t 246 45 0.987 0.0385 230 19.000 3,720 640
City Gate
Application City Gate  Forecowrt Forecourt - City Gare City Gate
Forecourt
Source: Ahluwalia et al., Argonne-DOE, 2019
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How to Store Hydrogen? -
i Gf

Salt Caverns

&

=) Depleted
Reservoirs
Injection/Withdrawal
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Summary and Discussion -

Development = energy usage
= CO, emissions = global
warming = adverse impacts

Significant reductions in CO,
emissions needed to limit
temperature increase

CCS one of several key
mitigation pathways (esp. for
power and industrial sectors)

H2 (+CCS) useful for clean
energy, decarbonization (heavy
industry and transportation)
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Thank you for
your attention

Dr Srikanta Mishra

Battelle, Columbus, OH
(512) 351-6038

mishras@battelle.orq
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