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CO,: The Major Contributor to Climate Change —=

Webinars

e (CO2 emission is the major contributor to climate change

e According to IEA (International Energy Agency), nearly 40 GtCO, was emitted annually
 The Paris Agreement aims to keep global temperature rise well below 2 °C above pre-industrial levels

2017 An imminent peak
: in emissions

A1 2°C Rapid decarbonisation rates of
at least 2.5% per year globally

Historical

Zero CO, emissions
around 2045-2080

Net removal
of emissions

' = : Y ' 2 : Y Y ‘7' Y : 7‘
‘- Years

Global Carbon Budget 2018. Earth Syst. Sci. Data. 2018, 10, 2141-94.




Role of CCS in Global Warming Mitigation -,A

C o
Webi
* |EA: more than 700 GtCO, to be reduced by 2050 to meet the 2°C Scenario S——
e Carbon Capture and Sequestration (CCS) is vital and becomes extremely important

* Power sector will be the major segment

Power W Renewables

Industry W CCS

Transport

1

M Fuel switching

CCS

Buildings ~ 17% of power sector iy
: : M Energy efficiency
Other
transformation
™ Nuclear
0 50 100 150 200 250 300 350
GtCO,

Cumulative CO, reductions in the 2°C Scenario by 2050



Various Pathways to Capture CO,
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Industrial Processes
Process Value added products,
Raw Processcarbon | stream CO: i.e. ammonia, NG,
materials release 20-95% O, | removal transport fuels,
cement, steel, etc
CO;
Post-combustion capture
. ’ Power Flue gas CO: CO:
—{ Air-combust — e
OO and heat 5-15% CO; removal
A 4
. ’ Storage
e Pre-combustion capture EOR
: UT/ . Transportation eizgé BM ’
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Gasification/ Syngas co Power . e.g. Pipeline,
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Heavy Oil/ Reforming 20-40% CO, | removal AL and heat B ik Shlpe,tTcruck, Asatljli?:r
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: CO: Hydrates
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Oxy-fuel combustion
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Adapted from of Natural Resources Canada: https://www.nrcan.gc.ca/



Introduction to Gas Hydrates

Guest molecules surrounded by cages formed by
water molecules

Looks like ice, also known as combustible ice,
flammable ice

Requires relative high pressure and low temperature

Different guest molecules (CO,, N,, H,, CH, ...) form gas
hydrates at different pressure and temperature
conditions

S

Naked eye view




Gas hydrates crystallize as three structures
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Structure |

Cubic — Pm3n
a~121A

51262
46 H,0

Structure Il
Cubic - Fd3m
a~17.2A

Structure H
Hexagonal — P6/mmm
a~122A,c~10.1A

435663




About gas hydrate research —
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(a) Gas Hydrate research
Np: 12,573 publications o
1000 -
n [ ]
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3 .
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8 200 .’ Sir Humphry Davy (1778-1829, Source: Wiki)
) w
gf (b) Field Classifications (historical data)
0 ——HO—;—*HO*—;—QM‘ T |
1900 1920 1940 1960 1980 2000 2020 Materials Science
7%
o First discovered in 1810
Engineering

o Exponential growth in the past 25 years 1%

o Multidisciplinary research field
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* Linga Can J Chemical Engineering (2023)



Significance of gas hydrate research —
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Flow assurance Key Research Drivers
| - b Energy & Environment |
- - ;

e 1-2 orders higher

* 1000+ years supply
e Evenly distributed
® Geo-hazard

Flow Energy &
assurance Environment

Applications

Hydrogen storage

2y
'SPE €
"? International
{3 N~
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Guiding principles
for applications

SNG: Solidified Natural Gas



CO, Sequestration as Hydrates
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Emission reduction

Anthropogenic requirement by

emission in 2017* 20601 Subsea CO,
41.3 GtCO, 764 GtCO, storage capacity CO, liquid t rt
. ‘ as hydrates? —_— 2 liquid transpo

LAl ey Storage in oceanic

sediments

Lf (gl

CO, capture

-
SPE . L . -
A \ﬁ‘temat'om' Carbon Dioxide Sequestration via Gas Hydrates: A Potential Pathway toward Decarbonization, Energy Fuels 2020, 34, 10529-10546




Significance to Singapore and ASEAN region =
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* Developing technologies for CCS in Singapore
can have broader regional (ASEAN) and global
impact

_ ' Anticipated sitesfor CO, Hydrates
Storagebased onbathymetry studies

-
\ N

* Singapore’s target is to reduce a total CO,
emissions of 14 million tons by the year 2030

* CO, hydrate storage potential in ASEAN, >6000  Tatano MALAﬁ:&:soem"?
GtCO, _ ;
* CO, sequestration as hydrates in oceanic

sediments presents an opportunity to develop
“CO, grid” or “Carbon grid” in ASEAN
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CO, sequestration as hydrates in deep sea sediments
=

Large volumes of CO, can be stored in hydrates. Webinars

v 1 m?3 of hydrate can store 183 m3 of CO,

5 times more storage
per unit volume

m

Sea surfaceO 0 CO, in saline
CO, hydrate - aquifer CO, in hydrate
equilibrium o A

=) ///// Hydrothermal ”
~ 500 4 gradient Will CO, hydrates formed inside oceanic sediments remain
Q 2
o = stable for long term storage?
5 &
n // - 8 § Lo s ¢ o
(4] B D Seafloor ~ Ignik Sikumi Test Site, Alaska o & i
8 1000 / . O (2016—2012) ° is®
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Nature has been storing methane as hydrates and they are

stable in similar locations for millions of years




CO, Hydrates in Deep Ocean Water =
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v Huge CO, storage capacity due to great abundance of
ocean volume

v’ Easy delivery of CO, hydrates to seafloor by negative
buoyancy effect

x Instability under the disturbance of ocean current

x Potential adverse impacts on marine environment and
ecosystem

CO, hydrates formed at 349 m below sea level, T=8 °C

Direct experiments on the ocean disposal of fossil fuel CO2. Science 1999, 284, 943.



CO, Hydrates in Deep Oceanic Sediments —
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. * Gas hydrates in coarse
L@ sands extracted from

permafrost region in
Mallik Site, Canada

Under seafloor sediments:

v" No disturbance from ocean current

v Aided by hydrate formation, gravitational trapping
Permafrost region:

v" More accessible than marine locations

x Sensitive to global warming

Fracture-filled gas
hydrate veins in clay
sediment extracted

from eastern
Qiongdongnan Basin,
China
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Images courtesy of: Mallik 2002 Gas Hydrate Project and Guangzhou Marne Geological Survey.
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Experimental Apparatus

————————
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(a) Experimental set-up schematic for CO2 sequestration project, (b) Schematic of the
high-pressure reactor with top and front view cameras

Linga Lab: Qureshi et al. Chemical Engineering Journal (2022), 432, 134290



How to form hydrates and simulate oceanic
conditions? Webinars

v CO2 gas/liquid is injected into reactor at high
pressure. Hydrate formation occurs in the
system

v'Chilled water/brine is injected to completely
submerge sediments with hydrates and
Submerge pressure is raised to 10 MPa (4 °C)

Linga Lab: Qureshi et al. Chemical Engineering Journal (2022), 432, 134290



Liquid CO, hydrate formation is very fast

>
o
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*Unpublished data




Pressure (MPa)

Laboratory Demonstration of Stability
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Stability Video-6000X

Linga Lab: Qureshi et al. Chemical Engineering Journal (2022), 432, 134290




Laboratory Demonstration of Stability P
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Video recorder ||
(top view)
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Stability Video-6000X

Linga Lab: Qureshi et al. Chemical Engineering Journal
(2022), 432, 134290




Are hydrates stable inside the sediments?

12 ' T J T ' 17 ' T '
] Stability | _
10 - co;dition ,
—_—) ,
1 ! ]
—~ 8- compressible liquid CO, line ! 7
0.2 g
o . 1 ]
= |
o °7 i I
O 4- e -
o /,/
1 Pt ]
2 -] ’_/’/. =
. Experimental Pressure (MPa)]
0 —-—- Equilibrium Pressure (MPa)
: T ' T T T T T '
0 4 8 12 16 20

s
LG
' \‘!rlternatlonal
G g

Temperature (°C)

Linga Lab: Qureshi et al. Chemical Engineering Journal
(2022), 432, 134290

Top View Heating Video — 33X
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Pressure (MPa)

Depressurization [10 - 3.5 MPa] =
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Temperature (°C)

Top View Depressurization 1 — 33X-(0-1 hr)

Linga Lab: Qureshi et al. Chemical Engineering Journal (2022), 432, 134290



Pressure (MPa)

Intentional dissociation by heating
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Top View Heating Video — 33X

Linga Lab: Qureshi et al. Chemical Engineering Journal (2022), 432, 134290
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What are the next steps? =
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Develop methods/tools to quantify the CO, amount in the stable hydrates and
monitor CO, concentration in the water table.

Identify and evaluate promoters to enhance the kinetics of CO, hydrate
formation.

Evaluate the effect of salts on the kinetics and stability of CO, hydrates —
thermodynamic properties are known, kinetics unknown!

Demonstrate long term stability (~¥6 months).

Develop and validate models to predict the stability of CO, hydrates — 10s to
100s of years.




Technology Road Map =
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2021-2025 oxcd 9

2018-2020

! Phase 1 (completed) |

%

POC & validation Commercial
| ) lab scale Commercial deployment
Formulation refinement
Piecemeal data TRL5 Field Scale
Pilot plant demo
|dea/Concept TRL4 l >100x
TRL3 l Lab Prototype 10x
Process models

Stability analysis
Basic models
(thermo, kinetics)

TRL — Technology Readiness Level



Concluding Remarks —
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Gas hydrates present a huge potential for long-term CO,
sequestration, can lock large volumes of gas.

Sequestration capacity as CO, hydrates under deep ocean seafloor
is estimated to be >100,000’s GtCO,.

We have made significant strides in evaluating the stability of CO,
hydrates mimicking oceanic sediments.

Our initial findings offer much promise to develop this approach.
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Thank you!!!

Hydrates,




