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Research and Innovation Center on CO, and Hydrogen (RICH)

Launched in 2019 at KU, it
focuses on the value chain of
both, CO, and hydrogen, with
the goal to provide innovative
solutions for Sustainable
fuels and clean Energy,
helping to achieve the Net
Zero strategies

80+ researchers/engineers,
including 21 Faculty across
colleges, graduate students
and researchers.

Close collaboration with
industry (oil & gas, power,
chemicals, hard-to-abate
sectors, water, others),
governmental institutions,
and international key players

Prof. Lourdes F. Vega

T1- CO, capture &
storage

Lead: Ahmed AlHajaj

T2- CO, utilization

Lead: Maryam Khaleel

T3- H, production &
storage

Lead: Lourdes Vega

T5- Sustainable Fuels

Lead: Giovanni Palmisano

T4- H, distribution &
utilization

Lead: Dimitri Kyritsis

T6- Outreach, education, exploitation and dissemination W

SUT Middle East — Road to COP28- Abu Dhabi, 12t Sep 2023
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The RICH team

\ 21 faculty covering different
areas of expertise and

Leadership technologies.
team _ +70 more scientists:
o ; A\‘ postdocs, graduate students
Prof. L. Vega, Dr. A. AlHajaj, Dr. M. Khaleel Prof. D. Kyritsis, Prof. G. Palmisano and engineers
Director, Lead T3 Lead T1 Lead T2 Lead T4 Deputy Director, Lead T5

Dr. E. Al Shalabi Prof. R. Nogueira Dr. J. Rodriguez Dr. A. Ceriani Dr. K. Al-Ali  Dr. L. Dumée Prof. L. Zheng Prof. A. Almansoori

Dr. W. Alameri Prof. E. Nashef Prof. D. Goussis Dr. A. Decarlis Dr. H. Taher Dr. B. 'féify ~ Dr.S. Sengodan Dr. S. Mettu
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RICH Center @ Khalifa University - Resources

First the excellent team of researchers

RICH Labs

« Advanced Materials Lab

Photocatalysis and Chemical Reaction Lab
Biochemical Processes Lab

Combustion and Chemical Processes Lab
Supercritical CO, Lab

Computational Lab — Multiscale modeling

Core laboratories at Khalifa University
» Electron Microscopy facility

» Micro/nanofabrication facility

Solar and Device Characterization Lab
Materials testing Lab

ACBC Lab

Electrochemistry Lab

High Performance Computing clusters
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August 2023: 419.68 ppm

What is the situation today? August 2022:  417.15 ppm
Last updated: Sep 05, 2023

Recent Monthly Mean CO; at Mauna Loa Observatory
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August 2023: 419.68 ppm

What is the situation today? August 2022:  417.15 ppm
Last updated: Sep 05, 2023

LAST 5 YEARS LAST 63 YEARS
Recent Monthly Mean CO; at Mauna Loa Observatory Atmospheric CO; at Mauna Loa Observatory
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Where are these emissions coming from?

Total CO2 emissions from energy combustion and industrial processes and
their annual change, 1900-2021
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Source: Global Energy Review: CO2 Emissions in 2021, IEA
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Where are emissions coming from?

Total CO2 emissions from energy combustion and industrial processes and
their annual change, 1900-2021
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Energy-related CO, emissions grew to 36.3 Gt in 2021 —

highest ever Related to Oil & Gas
Source: Global Energy Review: CO2 Emissions in 2021, IAE

Transport: 23%
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The energy transition and greenhouse gases emissions

Annual global greenhouse gas emissions

in gigatonnes of carbon dioxide-egpivalents
150 Gt
No climate policies
41-48°C
?gs‘ﬁffrﬁi‘iﬁg?fﬁ'om:ﬁi?é‘&‘i.?%%’%?m Different scenarios,
reduction policies. . .
100 Gt depending on the actions,
will lead us to different
situations, some of them
We need to catastrophic.
soGt behere [ Current policies
2./-31°C o
- emissions with current climate policies in
Gi’@@ﬂhOUSB qas em iSSfOﬂS place result in warming of 2.7 to 3.1°C by 2100.
up to the present — Pledges & targets (2.4 °C)
—»emissions if all countries delivered on reduction
pledges result in warming of 2.4°C by 2100.
0 2°C pathways

1.5°C pathways

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Data source: Climate Action Tracker (based on national policies and pledges as of May 2021). Last updated: July 2021.
OurWorldinData.org - Research and data to make progress against the world’s largest problems. Licensed under CC-BY by the authors Hannah Ritchie & Max Roser.
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Tracking clean energy processes

/ Bienergy
//International

Collaboration
changes / ,
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Contributions to the clean energy revolution

Energy efficiency Behavioral changes

Global potential reductions in activity due to behavioural changes in cars,

Global energy intensity improvement in the Net Zero Scenario, 2000-2030 aviation, and heating and cooling in the Net Zero Scenario, 2021-2030

MJ per USD of 2021 GDP PPP
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https://www.iea.org/reports/energy-system-overview
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Energy intensity in different sectors

Residential

Residential energy intensity improvement in the Net Zero Scenario, 2000-

Industry

Road transportation

3
15 cente

Road transport energy intensity improvement in the Net Zero Scenario, 2000-

Industry energy intensity improvement in the Net Zero Scenario, 2000-2030 2030 2030
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IEA (2022), Energy System Overview, IEA, Paris https://www.iea.org/reports/energy-system-overview, License: CC BY 4.0

Prof. Lourdes F. Vega
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Electrification, renewables

Electrification

Share of electricity in total final energy consumption, 2005-2030
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Renewables

Renewables share ot total energy supply in the Net Zero Scenario, 2010-2030

Solar, wind, hydro, geothermal and ocean  ® Modern bicenergy
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Hydrogen and CCUS

Hydrogen Carbon Capture Utilization and Storage

Global hydrogen demand by sector in the Net Zero Scenario, 2019-2030 Capacity of large-scale CO2 capture projects, current and planned vs. the
Net Zero Scenario, 2020-2030
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Key enablers to revolutionizing the energy systems

Clean Energy Innovation Digitalization
Spending on energy R&D by governments, 2015-2021 Global stock of digitally enabled automated devices, 2010-2021
billion USD (2021)
50 billion connected devices
10
40
8
30 i
4
oM m m W H N =
2 >
//
0 | | I | | |
2015 2016 2017 20318 2018 2020 201 0 _? = E i | I I
North America @ Japan, Korea, Australia and New Zealand Europe @ China 20 2012 2014 2016 2018 2020
Rest of world Sensorsand other loT  ® Smart meters Lighting @ Audio Appliances Other
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Tracking clean energy processes

@ Energy efficiency @ Not on track

@ Behavioral Changes More efforts needed
Electrification
@ On track
Renewables
Bioenergy
Hydrogen

@ Carbon Capture, Utilization and Storage
Clean Energy Innovation

International Collaboration

Digitalization

IEA (2022), Energy System Overview, IEA, Paris https://www.iea.org/reports/energy-system-overview, License: CC BY 4.0
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Technological avenues for the energy transition

Reducing emissions by 2050 through six technological avenues

RE based CO, o
removals (BECCSy 14%

O
FF based CO, 25 % Renewables

capture and
storage (CCS) 6%

Hydrogen 10%

Gt CE)z

Electrification 20%

25% Energy efficiency

90% of all decarbonisation in 2050 will involve
renewable energy through direct supply

of low-cost power, efficiency, electrification,
bioenergy with CCS and green hydrogen.

30% from CCUS and hydrogen

Achieving the 2050 target depends on
sufficient action by 2030. Radical action is
needed to change the current trajectory.

This will require political will and well-
targeted policy packages.

Game changes in technology are also
needed.

https://www.irena.org/Publications/2022/Mar/\World-Energy-Transitions-Outlook-2022

Prof. Lourdes F. Vega
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CCUS - concept and implementation

IPermanent storage |
CO, Storage for ;
CO, sources Separation €O, Compression to Co, . ¢ ' A @ Chemical Looping
from [ Supercritical Pressure Bl Dehydration ansportation & oe‘-’ |
Flue Gas utilization o - W " A OTMBoiler

‘D ‘\Poé ® lonic Liquids  § w Biological Processes

ch \,a(‘o ® MOFs :

- - - [] ]
C02 Utilizatio o \(\‘\o L pei ® Enzymatic
Membranes Membranes
. c Soild Sorbents
Gas Processing Plant CO2 Pipeline o] A CAR Process
o O CO2 Injection Production -
hdd QO p » Membrane
4{9, Q AL WellN Well Q ® Advanced Physica Systems
A O = \(g’ o3 > Solvents
Ire ¢ % O S o ITMs
pp/'ess/b (G““G &’ ® Advanced Amine
B ’ ‘ S\'\O <= | |® Amine Solvents Solvents
cO2 7
Water treatment coO 8 B oot ‘ Key:

< Re frige a Cryogenic Oxygen ‘ ® Post Combustion

‘ rafi ‘
N ‘ // \atlon’ ® Pre- Combustion
/ 4 Oxy Combustion

>

Time To Commercialization
Figueroa et al., (2008) Int. J. Greenh. Gas Control, 2(1), 9-20.

Enhanced
fuel recovery

The numbers on CO2:

How big are the utilization opportunities? [ NI R0~ S
« 230 Mt used in all applications

Prof. Lourdes F. Vega SUT Middle East — Road to COP28- Abu Dhabj, 12" Sep 2023



ML KhalifaUniversity &_yl5 & oola
What it is the role of hydrogen?

« Hydrogen is not a primary source of energy (like the sun or the wind), but an energy vector ->
manufactured capable of storing energy that can later be released and can also be used for
other applications (mobility, industry, production of heat and electricity, etc.).

« Hydrogen can help tackling various critical energy challenges while also strengthening energy security
providing a smooth transition to a more sustainable energy economy and achieving the net zero goal.

How H, can help?
» H2 can be produced by using the excess of Renewable Energy and producing Energy when needed

— excellent long term Energy storage
* H, be used as a zero-emission fuel for transportation: trains, buses, trucks, automobiles and ships.

* H, can be a feedstock for various industries including chemistry, refining and steelmaking.
» H, can provide a source of energy and heat for buildings (CHP)

Environmental

How is it produced?
» Most of the hydrogen produced today (98-95%) is from SMR, with the

corresponding CO,, footprint

» Considerable efforts are made in recent years to find alternative routes to
produce green hydrogen, mainly by water (H,O) splitting and to a lesser
extent, by hydrogen sulfide (H,S) splitting combined with renewable energies.

Economic

AT

Pt .
——-—w%ﬁ Operational
"?@

SUT Middle East — Road to COP28- Abu Dhabi, 12 Sep 2023
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The hydrogen value chain

Hydrogen production

O - pgh

Grey H,

Natural Steam methane
gas reforming
® |

Natural

Reforming co,
gas @ capture

& — ) .
Natural

Turquoise H,

Hydrogen transportation

3
23 comer

Hydrogen utilization

> ol

Chemical
feedstock

Storage
> CD > 17N (E:CP_P (CCs%
L S & ngines,
Fuel cells
A
H, blended
pipeline H, blending i
Refinery E Fuel
> < (<40%) — @ Y
H, Pipeline JM}
( (<1,000 km) % Mobility
— @@ Fuel cell
> >K LOHC? )
> o ey ——>
H, Liguefaction N\ - LS (Z‘h Heat
(~20% losses) J (\

Potential H, Energy carrier
or generation fuel

Pyrolysis Solid C
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H,O =
— qHzop | Green H,
Renewable Electrolysis 0,
power
£ Iﬂj@
() .
O H,0 I Plnk H2
Nuclear Electrolysis (O)
power
D)
Process H,

Ammonia
N2

Not all of them are low-carbon footprint
Not all of them are mature technologies
Not all of them are used at large scale

@ Fertilizer

—> Electricity Supply

Prof. Lourdes F. Vega
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Flue gas

Pre-heat SMR+WGS reactor
Natural gas

Fuel: Natural gas

Hz storage

Co2
compression
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purification
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compression

Blue hydrogen

1.1ton H2

Steam reforming with CCUS

Capture
System

Hydrogen: 1.1 ton

Steam Methane Reforming
+ Water Gas Shift

CO2: 1.5ton
Typically Released
Greenhouse Gas
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CO2: 3.6ton
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Deep Underground
Injection Well Storage

EOR
Other uses
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Opportunities ahead - green hydrogen in the GCC

Renewable energy Lowest cost solar CSP with integrated thermal
electricity in the world storage can be used to produce
nighttime solar electricity,

800MW solar PV plant - Maktoum Solar Park complementing daytime solar PV

(Dubai- DEWA III) 2.99 $ct/kWh
300MW Sakaka project (KSA) 2.34 $ct/kWh

Fresh water <+«— Desalination
Hydrogen sulfide

Electrolysers — efficiency and cost

Is H, the “new oil"? Using 20% of the UAE’s land surface for solar plants producing green hydrogen for
export would suffice to match its current oil & gas revenue. (F. Wouters & A. van Wijk, 2020)

There are challenges to be solved, and some more research/ demonstration/ industrial projects
are needed to fully deploy hydrogen opportunities in different industrial sectors

Prof. Lourdes F. Vega SUT Middle East — Road to COP28- Abu Dhabi, 12t Sep 2023
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The hydrogen economy — concept and implementation

Conventional Storage Transportation
Hydrogen production technologles| 500 Forecas ¢am ; CY=)
ower
Generation H Synthetic
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O Al
@ 1 | 400 — -
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© | 5 2 - %
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as : s 230 mmonia
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Renewable Electrolysis 0, 50 e e e Infrastructure
power 0ssi
0 with CCUS
I 43m Chemical/Industrial

Iron and steelmaking 2020 2025 ‘ Processes
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Predictions strongly dependent on the use of hydrogen in transport,
[ heat production and industrial uses.
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XA;L 30.9mt

Ammonia
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Key strategic areas of focus

Driving CO; emissions to zero (and beyond) with carbon capture, use, and st...

Technical potential of CCUS in 2030, metric megatons of CO, per year'

M carbon capture and use

Construction
~3,000

Biochar
~1,000

@ Enhanced oil recovery

Plastics and chemicals

Storage
~36,000

CCUS

From McKinsey'’s report

Carbon capture and storage

Selected examples

Fuel

Synfuel and macro- or microalgae fuel

Enhanced oil recovery (EOR)

Conventional or unconventional

CO, EORand CO, EOR in residual
oil zones

Construction materials

Cement and aggregates

Plastics and chemicals

Polyethylene, polypropylene, carbon
fiber, and methanol

Biochar

A charcoal derived from burning
organic agriculture- and forestry
-waste products

Storage

& R%‘H
&,

Transportation

Power

Generation Synthetic

Fuels

Upgrading
Qil/
Biomass

Low-C
hydrogen

Ammonia/

—a Fertilizer
production |
Generation
Metals
Production

Chemical/Industrial

Sustainable Processes

aviation fuels Heat/Distributed

Power

Hydrogen and Power-to-X

Prof. Lourdes F. Vega

SUT Middle East — Road to COF 28&- Aizwl Cihe b



ML KhalifaUniversity &_yl5 & oola £%$
Final remarks

 New times, new challenges, new businesses opportunities

« A combination of different approaches is needed: renewables (with energy storage), electrification,
Energy efficiency, alternative sources of Energy, CCUS, hydrogen

« CCUS isin all agendas as a needed technology to decarbonize the society in order to reach net
zero emissions — it is part of the solution.

« Hydrogen is not the solution to achieving net-zero but will also play a key role as part of the
solution.

« Research and Innovation in these areas is still needed to find efficient and environmental friendly
solutions.

« A combination of fundamental science with technology development and implementation,
together with the joint efforts of administrations, governments and companies are needed to reach
the net zero goals

 Collaborations between academia and industry, and among different companies and
sectors, and with the governmental institutions are more needed than ever to speed up the
pathway to decarbonization — investments are needed (no free ride) but business opportunities are
ahead.

Prof. Lourdes F. Vega SUT Middle East — Road to COP28- Abu Dhabi, 12t Sep 2023
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The future 1S here

“Water will one day be employed as fuel, that hyd
and oxygen which constitute it, used singly or toc
‘ ish an, of an inexhausti
It intensity of which coal is

Thank you very much for the invitation. o 3
d_oilhd _oola R
Lourdes.vega@ku.ac.ae Khalifa University Center

https://www.ku.ac.ae/rich

Prof. Lourdes F. Vega SUT Middle East — Road to COP28- Abu Dhabi, 12t Sep 2023
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Maturity of hydrogen solutions

Maturity of hf,_fdrogen solutions o | HYDROGEN
(compared with other decarbonisation solutions)

i &
Chemical H : .
.= Policymakers should identify
priorities for indirect
electrification using green
@ Steel hydrogen with a focus on
international hard-to-abate sectors and
shipping . . .
Short-haul Ql Long-haul devise strategies for its
aviation oz OO trucks Long-haul deployment.
Regional @7 n. aviation >

trucks

Ferries temperature
heatin Seasonal
Urban vehicles (@O' J O storage
— %
Short-term O =
storage Trains
Mid
temperature
Residential heating
heating
>
Distributed applications Centralised applications Source: IRENA 2022

Prof. Lourdes F. Vega SUT Middle East — Road to COP28- Abu Dhabi, 12t Sep 2023



