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The Issue of Global Warming

If current temperature rise continues
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Global Greenhouse Gas Emissions

Global Greenhouse Gas Emissions by Gas Global Greenhouse Gas Emissions
- — —— by Economic Sector

Other
Energy

10%
Electricity and
Heat Production
25%

Methane
16% Industry

= 21%
Carbon Dioxide

= . (fossil fuel and industrial
Carbon Dioxide R Tcasaes)

(forestry and other 65%

land use)
11% Agriculture, Forestry

Transportation and Other Land Use

14% 24%
coO,

Global greenhouse gas (GHG) emission produced by human activities and categorized on the basis of
the economic sectors that lead to their production.
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PARTS PER MILLION

Global Growth Rate of CO:

GLOBAL MONTHLY MEAN CO,

Annual mean global growth rate of CO,
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YEAR CO?2 data: This graph shows annual mean carbon dioxide growth rates, based on globally averaged

marine surface data, since the start of systematic monitoring in 1959. The horizontal lines indicate the
decadal averages of the growth rate. (NOAA Global Monitoring Laboratory)

Adopted from the website of National Ocean and Atmospheric Administration (NOAA).
https://www.noaa.gov/news-release/increase-in-atmospheric-methane-set-another-record-during-2021



Human Development Index (HDI) in Asia

Asian countries by Human
Development Index (2019)
W 090! to00.950 \ - [ % S /
Il 0851 t00.900
- 0.801 to 0.850

3 N a - [ 4ab
. : T )
S -
) R N b4 !
[l 0751100800 - ~ g & C e
S\ ¢ Loy 332

.701 to 0. A < o= -

e AR e o Ty

; : - YN f?\t o WAL o : ﬂ L o < J(‘(_,/ *‘y
-601 : N | W3 T

0.601 10 0.650 N | U, o

[ 0.551 t0 0.600 SE\EJ\\%_ ) .t B

SO St et = - " S\

[l 0.501 10 0.550 S Y

[l 0.451 t0 0.500
Data unavdilable

World map of countries by Human Development Index (HDI) categories in increments
of 0.050 (based on 2019 data, published in 2020).



Correlation between HDI & CO2 emissions
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Percentages of Global CO2 Emissions by Country/Region

China 29%

Japan 4%__ United States
15%

Russian
Federation 5%/

European
Union 11%

Source: Jos G.J. Olivier et al., European Commission’s Joint Research Centre, 2014 “Trends in global CO2 emissions: 2014
Report” http://edgar.jrc.ec.europa.eu/news_docs/jrc-2014-trends-in-global-co2-emissions-2014-report-93171.pdf



Per-Capita CO2 emissions, by Country
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NET Zero Carbon
Generation



What is the Paris Agreement 20157

0 Address climate change and its negative impacts.

O Included commitments from all major emitting countries.

O Provided a pathway for developed nations to assist developing nations in
their climate mitigation and adaptation efforts.

0 Aims:

** Reduce global greenhouse gas emissions.

* Limit the global temperature increase in this century to 2 degrees Celsius
above preindustrial levels.

% Cut climate pollution of countries and to strengthen commitments over time.

[nternational deaders stand together at the oathefing of, COP21 1 201_5.


https://www.nrdc.org/stories/global-climate-change-what-you-need-know
https://www.nrdc.org/experts/jake-schmidt/paris-climate-agreement-explained-what-actions-did-countries-commit-implement
https://www.nrdc.org/stories/global-warming-101

NET Zero Carbbon Generation Agreement

ENEQSY
PROCUCTION

Removing the greenhouse CO2 gas from the earth's atmosphere is
known as Negative emissions technologies (NET).



Strategy to Meet Net Zero Carbon by 2050

2015

% of renewables in electricity production

59 Mt

2020

60%

Solar PV share starts.
to gain momentum

Forest area
4194 000 ha

Hreenhouse Gas Emissions (Mt CO2e)

Total burnt area |
154 000 ha/year

Precision agriculture
100 000 ha

Organic and
conservation
agriculture

50 000 ha

Biodiverse grassland |
up to 50 000 ha

h

16% of energy
consumption in
buildings for water
heating is satisfied by
solar

=

+25% of energy
consumption in
industry is satisfied by
natural gas

PORTUGAL

‘S REPUBLICA
%~ PORTUGUESA

C RNC

Electric

vehicle starts
° ° to become

mainstream

26%

% of electricity in total energy consumption

' 4

2030

> 80%
Solar installed
capacity
equals wind
installed
capacity
End of coal-fired
power production by
2029
Precision agriculture
up to 300 000 ha
Organic and
conservation
agriculture up to
150 000 ha
Solar thermal power
for low temperature
heat production in
industry becomes
competitive
Heat pumps satisfy
15% of cooling/
heating energy
demands in buildings
[ ]
82% reduction in 4%|9% reduction i i
urban waste A in per capita urban
landfill deposit U waste generation W

Light duty vehicles total mobility
demand is served by electricity

=)

vans

Diesel is no
36% of passenger longer coslm
cars mobility efficient for
@ demand is served cars and R
yu—ry

0

by electricity
> 30%

>90%

Battery storage amounts
to 3%|4% of total
installed capacity

Off-shore wind
electricity
generation
becomes
competitive

Renewable
installed capacity
doubles

Precision agriculture
up to 300 000 ha
Organic and
conservation
agriculture up to
300 000 ha

Electricity
consumption in
industry increases
by 1,5X

2040

100%
Solar installed
Solar installed capacity capacity
surpasses wind capacity | amounts to
Decentralised solar PV 50% of total
starts to gain momentum installed
capacity
Wind-ofshore
if:g‘::;“.g installed
el capacity
generation is used supasses
in hydrogen
; 1GW
production

End of gas-fired power
production from 2040

2050

Battery storage
amounts to 6% of
total installed
capacity

5%|7% of
electricity
generation is used
in hydrogen
production

Forest area
4174 783 ha | 4 307 053 ha

Power generation from Organic fertilisers Total

hydro without pumping H replace synthatic ones burnt

decreases 4% compared N | andamountto 48%|66% area

to 2020 dPe m reduced of nitrogen used in soils 89600 |

water availability 67 000
Precision agriculture halyear

up to 300 000 ha
Organic and
conservation

Biodiverse grassland |
up to 250 000 ha

M

AN

15%]13% of industry energy
consumption is satisfied by
natural gas | Industry natural
gas consumption amounts to
90% of total natural gas
consumption of the country

Retrofitting measures 11%[12% of energy
deliver some 21%| 26% consumption in
energy demand reduction buildings is

for heating in buildings satisfied by solar

agriculture up to
600 000 ha

Improvement in
food efficiency
and wastewater
management

11% of industry
heat demand is
satisfied by solar
thermal

66%(75% of energy
consumption in
buildings for water
heating is satisfied by
solar

Boost in developrient of 50% | 60% ® 110% | 25% reduction
recycling lines ) ‘ reduction in food in per capita urban
waste \:'I waste generatinn
° e Passenger cars:
autonomous and/or shared
Heavy-duty vehicles serve 1/3 | 1/2 of
vehicles: mobility demand
Hydrogen and Heavy passenger
electricity serve vehicles: Electricity Passenger cars:
70%)| 88% of total and hydrogen 100% of mobility
mobility demands ;EO%'SOE diesel by o dlema.nq is-served by,
electricity 0 Mt

50%

>65%



Strategy to Meet Net Zero Carbbon by 2050

Long term plan to reduce GHG emissions year on year

Displace fossil fuels with ‘green’ electricity

Consider new and future technologies

Reduce GHG emission as low as practicable

Offset remaining GHG emissions




Human Response along the Climate
Change Causal Chain

Release of Increased Global warming due Effects of global
greenhouse gas emissions, CO:z-concentration to greenhouse gas effect warming on humans and
namely CO: the environment
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Afforestation, reforestation,
forest management

and wood utilisation

Trees remove CO: from the
air as they grow. The CO:
can be stored in trees, soil
and wood products.

Bioenergy with carbon

capture and storage (BECCS)

Plants convert CO: into
biomass, which provides
energy. CO: is captured and
stored underground.

Enhanced weathering
Crushed minerals bind CO:
chemically and can then

be stored in products, in the
soil or in the sea.

Possible Approaches for Removing CO2 Emissions

Soil management

(incl. biochar)

The introduction of
carbon (C) into soils, e.g.
through crop residues

or vegetable carbon, can
accumulate C in the soil.

Direct air capture

carbon capture and storage
(DACCS)

CO:2 is extracted from

the ambient air by

chemical processes and
stored underground.

Ocean fertilisation

Iron or other nutrients are
added to the ocean to
increase the absorption of
CO:2 by algae.




Carbbon Dioxide Cycle for Scientists
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Strategies for CO,
Reduction



Different Approaches of CO2 Reduction

Oxide and chalacogenide
Semiconductors

CH, +H,

Metals, alloys and intemetallic
supported on Silica, alumina and
Zeolites

Conduction

‘ band COz, H20
& : ]Bnnd

Gap

Energy

Carbamates

Valence band

Propylene

Electrochemical

n(H* +e)

Nanomaterials based on
transition metals, alloys,
intermetallics and metal oxides

v 00060

co,



Thermocatalytic CO,
Reduction



Thermochemical CO2 Reduction

h
® .

Sabatier Reaction

A (CO, Methanation)

H,

eactor

W
b,

Green Fuels

Provide clean energy

T .“ ‘.

The capture and recycling of CO2 into green fuels and energy using Thermochemical
process.



Thermochemical CO: Reduction

Steam reforming
CH, > CO
R2
(R1) (R2) +H,
(R3) i
CO,+H, > CH,OH

CO, +4H, — CHy + 2H,0,  AHagsk =-252.9 kI/mol*  (R1)
CO, + H, — CO + H,0, AHaogx = 41.2 kJ/mol’ (R2)

CO;, + 3H, — CH;0H + H,0, AHaosx =-49.5 kl/mol*  (R3)

L. Wang, Y. Yi, H. Guo, and X. Tu, Atmospheric Pressure and Room Temperature Synthesis of Methanol through
. Plasma-Catalytic Hydrogenation of CO2, ACS Catal., 8(1), 2018, 90-100. '



Thermochemical CO2 Reduction

Reverse Water-Gas Shift
l +H. CO,+H, < CO+H,0
) AH,95x = 41.17 kJ/mol
Tty
Al N
CO, Methanation \, S A
(Sabatier Reaction) Path 1 . s Path 2 co
CO,+4H, <> CH;#2H,0 /
AH,g5x = -165.03 kJ/mol A \ CO Methanation
Jscy /‘ A C0,+3H, <> CH,+H,0
Therrnll Energy AHI%K =.206.19 kJ/mol
t\’ H,0 Dry Reforming
2CO+2H, «» CH,+CO,

AH298K =.247.36 kj/ln()l

Possible pathways for the CO2 conversion to CHa.



Thermochemical CO2 Reduction

Thermal Catalysis of CO, Methanation

Active Metals Support Materials
| ]
| | | | I |
Noble Metals Non-Noble Metals Metal Oxides Basic Oxides Clay MOFs
| | | | | |
§ Ruthgmum * Nickel TiO, CeO, Bentonite s st{rface o
* Rhodium —_—— * Adsorption of CO,
. : * Cobalt Al O, Y,0; (montmorillonite) .
Palladium ; : Tuneable  porous
i Phiiooe *  Molybdenum Si0, MgO Volkonskoite St
| | | | |
*  Noble metals have | | * Cheap, abundant. Structured Catalysts
excellent ability to | | * Ni shows good ’;__‘ml'm'h Structured
dissociate H,. activity but . o 4
Rh R : . High surface area. A Abundance, low Fibrous Networks
. R u has deactivates easily. B2 hi Basic in nature, ot and nital) |
excellent activity | |* Co has higher d.rea e gl} which  enhances b 'la:l A Easier heat
sty Fatliien Yowenis azf::s l;:se on tlc:e i ) e, ;‘r,::r?de: . adequate management  and
*  High cost. sintering. P which is slightly evacuation
surface of support. ugie surface area. ' .
| | acidic. Naturally basic. * Deliver high heat
* Can be used to produce nitride, sulfide and and mass transfer.
carbide based catalysts through different * Able to support
synthesis methods. high flow rates.




Electrocatalytic CO,
Reduction



Electrolysis Process

« Water can break into H, and O, gas by external power supply.

Cathode Anode

Hydrogen (H ‘ s Oxygen (O,)

2H,0 — O, + 4H* +
de-
(Anode reaction)
Water

2H,0 + electricity —» 2H, + O,

* Butitis an energy intensive process.

4H* + 4e-—> 2H,
(Cathode reduction)

O Membrane



Electrochemical CO:2 Reduction

Highly selective conversion

Renewable Energy

Combustion >Sources

e 5 80 ’ |
: Water + CO, Hydrocarbons
; CO, Electrolyzer

Electrolytic cell

Chemicals cQoOH

QO Journal of CO2 Utilization 35, 2020, 90-105.
O Science 364, 350, 2019.
U SN Applied Sciences 3, 812, 2021.




Current Industrial CO2 Electroreduction Products

Electroreduction of carbon dioxide

+2€
+2€° +12¢
s6e"| |8
Formic acid Carbon monoxide Methanol Methane Ethylene Ethanol
HCOOH CO CH,0H CH, C,H, C,H-OH
Methyl formate Coal gasification Syngas conversion Steam cracking Ethylene hydration
hydrolysis C+H,0-CO+H, C,H, + H,0 ~ C,H.OH
(900-2,200 K) d 8 M
CH,0H +CO — 0O + 2H,  CH,OH Vor CHy= G+ || oorrs K‘.S 8 MPa, |
HCOOCH,6 Steam reforming (473-573K, ) of other cracking PROSPNONGACIES RS
(353K, 4.5 MPa, 2.5 wt% 5-10 MPa, component o products catalyst)
sodium methoxide catalyst) { | CH, + H,0 = CO + 3H, copper-zinc natural gas (reaction in a tubular Fermentation
(1,000-1,100 K, 1.5-4.0 oxide-alumina reactor with 773- B
HCOOCH3 + HQO i MPa. mcke]_potass'um Catahfst} 953 K inlet, 1,048- CBH1QOE(US|§§§§§SSH) ! 2002
HCOOH + CH,OH oxide catalyst) 1,148 K outlet)
< Current industrial production methods >




Industrial Implementation Steps of CO2 Reaction

Bl CO, negative step

Bl CO, positive step

Electricity
grid
CO, point
scfu?ce '
Energy HCOOH
CO, input input (e
Product CH OH
Electrolysis separation
(f"—lm Capture P

Em oo

and SO ONn

—————————————————————————————————————————————————————



Electrochemical CO, Reduction

Strategles

%/_

Low selectivity ]é\ Defect engineering ‘]

™\ Size effect J

ECR | , |
Products {Low current efficiench I[ Confinement effect J

1T High pH electrolyzerl
\\

Poor durability ﬂ<

~ Modifying or coating'

___________________________________________________________________



Photocatalytic CO,
Reduction



Photochemical CO, Reduction

" Chemical Energy

+1.0
+2.0

— - - -

Reduction sites

\~~
S~
~,

’, . ‘ .
(écombmbt/on

1
AN B S ,
v
7
h* 4
7

Reactions

CO,+e-— CO,
CO, + 2H*+ 2e- — HCOOH
CO,+ 2H*+ 2e-— CO + H,0
CO, + 4H* + 4e-— HCHO + H,0
CO, + 6H* + 6e-— CH,OH + H,0
CO, + 8H* + 8e-— CH, + 2H,0

7.CO, + 12H*+ 12e- — C,H:OH +
3H,0

8. 2H*+ 2e-— H,

S T o

V/INHE
at pH 7

-1.90
-0.61
-0.53
-0.48
-0.38
-0.24
-0.33

-0.41



Photocatalytic CO, reduction

Key features

» Higher reduction potential is required,
» Multiple photoelectrons transfer process,
» Catalytically active sites,

» Intermediate adsorption/desorption

process,
» Water oxidation is a rate limiting step.

87% =0%

15%
I Heterojunction
I Defect Engineering

20.9%

I Cocatalyst

B Surface Modification
I Facet Engineering
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