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Emision de gases de invernadero
;. Como se ven las emisiones historicas?

Historical CO, Emissions (Gt)
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Datos desde Grupo Intergubernamental de Expertos sobre el Cambio Climatico
(2022); Basado en las emisiones globales de 2019
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Fossil Fuels and Industry
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Emision de gases de invernadero
Correlacion entre emisiones y promedio de temperatura global

Global Land and Ocean
July Average Temperature Anomalies
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https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/global/time-series/globe/land_ocean/1/7/1850-2024
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Emision

total de gases de invernadero

¢Por qué se habla principalmente de CO, como causante del

calentamiento global?
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Global net anthropogenic GHG emissions (Gt CO,-eq)

Gt CO,-eq = Gt ,, * GWP

Fluorinated gases
(F-gases)

Nitrous oxide (N,0)

Net CO, from land use,
land use change, and
forestry (CO,LULCF)

CO, from fossil fuels
and industry (CO,FFI)

1990 1995 2000 2005 2010 2015 2019

Datos desde Grupo Intergubernamental de Expertos sobre el Cambio Climatico

(2022); Basado en las emisiones globales de 2019
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Potencial de calentamiento global (GWP)

Global warming potential of greenhouse gases relative to CO2

Global warming potential' measures the relative warming impact of one unit mass of a greenhouse gas relative to
carbon dioxide over a 100-year timescale.

Sulphur hexafluoride (SF) 24,300

PFC-14 (CF,)

Nitrous oxide (N,O) §§ 273

HFC-152a (CH,CHF,) § 164 Gi, COz'eq — G.l.gqs PY GWP

Methane (CH.) | 27.9

Carbon dioxide (CO,) | 1

Data source: IPCC (2021) OurWorldinData.org/co2-and-greenhouse-gas-emissions | CC BY
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Emision de gases de invernadero
;. Como se ve la distribucion de emisiones por sector?

_Global GHG Emissions by Sector (Gt CO,-eq)

Buildings

Transportation

Industry

1990 1995 2000 2005 2010 2015 2019

Datos desde Grupo Intergubernamental de Expertos sobre el Cambio Climatico

(2022); Basado en las emisiones globales de 2019 . . :
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Objetivos de desarrollo sustentable: Reporte 2023

PROFESIONAL

Take urgent action to combat climate change and
its impacts

WHERE WE ARE WHAT WE NEED T “ ——
¢ (Ss i
ANNUAL AVERAGE OF $803 BILLION IN 2018-2020 SEA-LEVEL
HOWEVER, DEVELOPING COUNTRIES RISE HAS E a
.l =\- REQUIRE NEARLY $6 TRILLION BY 2030 DOUBLED
IN THE 11
l I l l l l I LAST DECADE
DEEP, RAPID AND 21s-2020 2030
SUSTAINED GHE
THE WORLD WILL o EMISSION REDUCTIONS
EXCEED 1.5°C BY 2035 BY 43% BY 2030 HIGHLY VULNERABLE REGIONS Y P —
AND FACES A 2.5°C AND TO NET ZEROD 307313 1% 15X HIGHER MORTALITY RATES [N IS4 f‘ '0‘ A @\1’
WARMING 8Y 2100 BY 2050 COMPARED TO VERY LOW VULNERABILITY REGIONS 2o 220 s 5 &

https://sdgs.un.org/goals/goal13
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Acuerdo de Paris (2015)

Tratado internacional sobre cambio climatico de la COP21

Limitar incremento de temperatura global a 2°C con respecto a era pre-
industrial, preferentemente 1,5°C como maximo

CICLO DE 5 ANOS

hitps://unfccc.int/es/acerca-de-las-ndc/el-acuerdo-de-paris . . :
www.educacionprofesional.ing.uc.cl

Profesor(a): Roberto Canales — Junior Lorenzo



ESCUELA DE INGENIERIA
/=) FACULTAD DE INGENIERIA

Emisiones globales

Annual CO, emissions, 2022

Carbon dioxide (CO,) emissions from fossil fuels and industry'. Land-use change is not included.

Nodata Ot 3 milliont 10 milliont 30 milliont 100 million t 300 milliont 1 billiont 3 billiont 10 billion t
Rz : e

Data source: Global Carbon Budget (2023) OurWorldInData.org/co2-and-greenhouse-gas-emissions | CC BY
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Emisiones en Chile

Figura 3. INGEI de Chile: balance de GEI (kt CO, eq) por sector, serie 1990-2020
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hitps://cambioclimatico.mma.gob.cl/emisiones/
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:Para qué podriamos capturar CO, en Chile?

o . . - . .
ce?  Si es Hidrogeno Verde, el mundo comienza por Chile

Cambio climatico + El cambio climatico se
refiere a los cambios a largo plazo de las...

De acuerdo con el ranking Climatescope de Bloomberg 2023, Chile es una de las tres economias a
nivel mundial mas atractivas para la inversion en energias limpias. Ademas, se calcula que la
Estrategia Nacional de Hidrégeno Verde permitird oportunidades de inversion por US $475 mil millones

en los proximos diez anos.

htps://www.marcachile.cl/si-es-hidrogeno-verde-el-mundo-comienza-por-chile/

Profesor(a):

Roberto Canales - Junior Lorenzo

Q HIF

HIF Cabo Negro e-Fuels Facility

The plant will use renewable energy from the wind and a process called
electrolysis to produce green hydrogen. The project will also capture CO. from
biomass, industrial sources or directly from the atmosphere, and use a process
of synthesis fo combine the CO. and hydrogen fo proeduce e-Fuels, including
carbon neutral methanol (e-Methanol), gasoline (e-Gasoline) and carbon
neufral Liquefied Gas (e-LG).

Quick Facts
384 MW Plant
175,000 tons/year of e-Methanol

215,000 fons CO: captured/year

242 MW electrolyzer capaclty

PROFESIONAL

htps://hifglobal.com/region/hif-latam ) ) :
www.educacionprofesional.ing.uc.cl
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Renewable
energy Fuels
~ S LT solid adsorption (LT DAC) ‘Qx
HT aqueous absorption (HT DAC)
aq P ,'! 9]

Point-source capture (PSC)

v
Synthesis = Chemicals
Electrolysis 4 U, 4

<

‘

Plastics

Alkaline electrolysis (AEC)
Proton exchange membrane (PEM)
Solid oxide electrolysis (SOEC)

Allgoewer, L. et al., Cost-Effective Locations for Producing Fuels and Chemicals from Carbon Dioxide and Low-Carbon Hydrogen in the

PROFESIONAL

Future, Industrial & Engineering Chemistry Research 2024 63 (31), 13660-13676 " - ;
www.educacionprofesional.ing.uc.cl
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Antecedentes de Captura de CO,
a) carbon neutral b) carbon neutral c) negative emissions
CO; uptake CO; sequestration CO, uptake and sequestration

reference
production system production system

Miller, L. J., et al. (2020). "A Guideline for Life Cycle Assessment of Carbon Capture and

Utilization." Frontiers in Energy Research 8. - - ’
www.educacionprofesional.ing.uc.cl
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Net-zero CO, emissions

a) Business as Usual
BAU

b) CCS via DAC
CCS-DAC

- -

¢) CCU via DAC
CCU-DAC

d) Biomass-based
BIO

.--v‘« sy
5 - :t
P

] 4_&

Carbon-based product
Carbon, generic
E=. Renewable energy

Biomass

Gabirielli, P., The Role of Carbon Capture and Utilization, Carbon Capture and Storage, and Biomass to Enable a Net-
Zero-CO2 Emissions Chemical Industry, Industrial & Engineering Chemistry Research 2020 59 (15), 7033-7045

www.educacionprofesional.ing.uc.cl
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Tecnologias de Captura de CO,

CPUS[ Combustion CO» camurD

. CO: chemical
Alr Power Flue gas NO/SO, absorption/
generation separation physical
Fuel —> adsorption
(P re-Combustion CO- capture)
CO; storage and
Air + Steam —> Gasification/ | H»+CO; | CO» membrane CO» transportation or
partial "1 separation utilization
Fuel —>  oxidation He
Air + Heat : /
—> Power
<0xv-f'uel Combustion CO; captuD
N
) ASU O Power CO; + H:0 CO:
Air ——» . C > . > -
Unit generation separation
Fuel + Heat —»|

Jiang et al. (2024). Emerging Technologies Review: Carbon Capture and Conversion to Methane and Methanol.

Profesor(a): Roberto Canales — Junior Lorenzo
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Tecnologias de Captura de CO,

PSA
Tecnologias [ TSA

K VTSA

Adsorcion _
. Zeolitas
Organicas
.. Carbones Activados
Inorganicas Membranas Adsorbentes '
Matrices Mixtas - Oxidos metalicos
aptura N MOFEs
i Postcombustion
Procesos Combinados
Tecnologias  Absorcion Quimica
Absorcion Aminas

Absorbentes Soluciones Alcalinas

Liquidos lénicos

www.educacionprofesional.ing.uc.cl
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Tecnologias de Captura de CO,

Absorcion Quimica Adsorcion

CO, Compressor > N2
Clean gas /J\ N Y
~ Wash water TSA
adsorption
Trim Cooler bed
Absorber Stripper
Flue gas 7 ~
from DCC 5
::D - C02
Exchanger
—'| }— ! : : >
Flue gas L pe L
from DCC / Cvycle T Al Al
Rich solvent [ y . . .
Adsorption Heating Cooling
Jiang et al. (2024). Emerging Technologies Review: Carbon Capture and Conversion to Methane and Methanol.
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Tecnologias de Captura de CO,

Caplura Directa del Aire
Recyclegcz‘_

Feed gas pump
cooler
Flue gas Membrane 1 FASE 1 4 FASE 2
2 Una vez que el filtro se satura, el
Compressor sistema es calentado a 100 °C.
Penetrant s
. > .. i Jy. - *
. Airelibre
de CO2

’,c....

stream 1 Compressor Cooler
Retentive |
gas
E‘@cle pump

Membrane 2

A A
h
-

El CO2 es liberado

j @ co2 El CO2 es adsorbido ~
| enetrant Product quimicamente por el del filtro y
filtro. almacenado.

stream 2 Compressor Cooler

COz2concentrado

Jiang et al. (2024). Emerging Technologies Review: Carbon Capture and Conversion to Methane and Methanol.
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Tecnologias de Captura de CO,

LINDE

ADVANCED AMINE-BASED POST-
COMBUSTION CO, CAPTURE (PCC)

oél?tie

KEY DATA

& www.engineering.linde.com/CO,

@ ccus@linde.com
TRL

Source CO. Concentration
Number of Commercial Plants >60

Target Industries

PROFESIONAL

HIGHLIGHTS

Compact footprint
High CO, capture rate even at low CO, concentrations

With a final CO; product purity of 99.9 vol% (dry), a further
purification step may not be necessary

20% lower energy consumption and 20% lower
circulation rate compared to MEA solution

Low solvent degradation rate even at elevated
oxygen content in flue gas, and therefore low solvent
consumption rate

Different options for energy and heat integration

9 Capture Rate Range (tpd) 200-7000 Modular (Y/N) Yes
3-25% Energy Consumption (GJACO,) 25-3.2 Capture Efficiency (%) >95%
Number of Pilot Plants i

Cement & lime, power generation (natural gas, biomass, coal), iron & steel, petrochemical, oil & gas

Global CCS Institute (2024). State-of-the-Art: CCS Technologies 2024

Profesor(a): Roberto Canales — Junior Lorenzo
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Tecnologias de Captura de CO,

LINDE
HIGHLIGHTS

Coz PSA - Mature and robust purification technology

« Negligible electricity consumption

« No steam required for regeneration (thereby no
additional CO, generation)

Sl | S— No solvents are applied, so therefore no negative
environmental impact due to the emission of solvent
traces in exhausts or in the CO, product

No extra cost for solvent makeup and handling
Low CAPEX and OPEX technology

KEY DATA

@ e iliria com & .engineering.linde.com/CO, TRL 9 Capture Rate Range (tpd) 10 - 5,000 Madular (Y/N) Yes
Source CO; Concentration >7% Energy Consumption (GJ/tCO.) o Capture Efficiency (%) 99%
Number of Commercial Plants >15 Number of Pilot Plants ~

Target Industries Iron & steel, (petro-)chemical, cement & lime, oil & gas, hydrogen

Global CCS Institute (2024). State-of-the-Art: CCS Technologies 2024

Profesor(a): Roberto Canales — Junior Lorenzo
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Tecnologias de Captura de CO,

MOF-BASED VPSA PROCESS

Nuada

KEY DATA
& www.nuadaCO,.com

@ contact@nuadaCO,.com

Source CO,; Purity Range
Number of Commercial Plants

Target Industries

BENEFITS

- Ultra-Energy Efficient: The energy penalty for carbon
capture is reduced by up to 80% compared to incumbent
solutions.

« No Complex Integration: An end-of-pipe and fully
electrified solution; no heat or steam required.

- Wide Applicability: CO, can be recovered from a broad
spectrum of point sources and at different scales.

« Mature Process Technology: VPSA is a mature, proven
and readily scalable separation technology that has been
applied for decades at an industrial scale.

« High-Purity CO, Product: Purity up to 99% without extra
purification step; No oxygen or solvent-based impurities
in the CO, stream.

» Dynamic Operation: The rapid capture and release cycles
provide flexibility to address operational challenges such
as flue gas fluctuations or facilitate quick startups and
shutdowns.

Capture Rate Range (tpd) 1-4,000 Maodular (Y/N)
Energy Consumption (GJ/ACO,) 07 Capture Efficiency (%)
Number of Pilot Plants 2 Product CO; Purity

Cement, Lime, Waste-to-Energy, Steel, Oil & Gas, Chemicals

Global CCS Institute (2024). State-of-the-Art: CCS Technologies 2024

Profesor(a): Roberto Canales — Junior Lorenzo
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Tecnologias de Captura de CO,

BENEFITS

« Minimises Owverall Carbon Footprint: MBC's state-of-
the-art multi-cartridge membrane contactor modules,
achieve an impressive 50% reduction in the overall
M EM BRANE CO NTACTOR (M BC) volume while maintaining high carbon capture efficiency,

PETRONAS all within a compact design.
« Tailored Solutions for Ewvery Need: MBC offers
unparalleled scalability, allowing seamless adjustiments
to match the unigue requirements of our clients. MBC

adaptable nature ensures flexibility by catering to clients’
evolving operational needs.

PETRONAS

« Competitive Cost to Capture: Lower compression cost
due to high regeneration pressure up to 5 barg, and
lower solvent circulation rate up to 30%, as first of its kind
modular technology. Aimed at achieving CO, capture for
a competitive cost of US$30-50 per tonne, MBC ensures
maximum value for every investment.

@ khairul_rostani@petronas.com @ nanthini.raman@petronas.com KEY DATA
TRL 5 Capture Rate Range (tpd) 10 - 600 Maodular (Y/N) Yes
Source CO; Purity Range 3-30%  Energy Consumption (GJACO,) <29 Capture Efficiency (%) >95%
Mumber of Commercial Plants ~ MNumber of Pilot Plants 4 Pressure Drop <0.2bar
Target Industries Refineries, Hard-to-abate industries (Cement, Steel, Chemicals and Power & Gas Plants)

Global CCS Institute (2024). State-of-the-Art: CCS Technologies 2024

www.educacionprofesional.ing.uc.cl
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Tecnologias de Captura de CO,

BENEFITS
The Airhive DAC system is:

« Fast: The nano-structured sorbent removes 99% of CO,
from the air in <01 seconds and fully saturates in under
three hours.

DIRECT AIR CAPTURE (DAC) « Sustainable and easy to scale: The technology is built

on existing industrial equipment and supply chains,
configured in new ways for DAC. The naturally abundant
mineral sorbent is widely available, non-toxic and can be
reused for many cycles of carbon removal.

« Low-cost: Estimated cost at pilot scale is <$379 per net
tCO, with pathways to estimate at-scale costs of $93 per
net tCO..

« Energy efficient: The system is targeted at 1.5 MWh/
tCO,, and can be fully powered by low carbon energy.
It also has in-built thermochemical energy storage
potential, allowing it to run when there is no external
energy source available.

AIRHIVE

@ hello@airhive.earth @ www.airhive.earth KEY DATA
TRL 6 (({.gg)ture Rate Range 3.8 tpd/reactor Modular (Y/N) Yes
Source CO; Purity Range o (chjj,{%gor‘s“mp“"” 36 (IMWhtCO;) Capture Efficiency (%) 99%
Number of Commercial Plants 0 Number of Pilot Plants 3 (2 commercial)
Target Industries Chemicals, Food and Beverage, Green Fuels, CDR credit buyers

Global CCS Institute (2024). State-of-the-Art: CCS Technologies 2024

www.educacionprofesional.ing.uc.cl
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Tecnologias de Captura de CO,

NOV - CO, CAPTURE NOV - CO, CAPTURE AND CONDITIONING
POST-COMBUSTION CAPTURE Kgy TEMPERATURE SWING ADSORPTION (TSA)
FIBERGLASS DUCTING GAS DEHYDRATION

—
I .y’ {37 &
& %, e ;

T e >

e
| e

@ fgssales@nov.com & www.nov.com/fgs @ corporatemarketing@nov.com @ www.nov.com/ccus

NOV - CO, CAPTURE AND CONDITIONING

Kgy TRIETHYLENE GLYCOL (TEG) GAS

DEHYDRATION

@ corporatemarketing@nov.com @ www.nov.com/ccus

Global CCS Institute (2024). State-of-the-Art: CCS Technologies 2024

Profesor(a): Roberto Canales — Junior Lorenzo
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Alternativas de Valorizacion de CO,

n Invernaderos

. . f
i_ Potenciador de crecimiento | Algas

Ca / ;
Metano @ I |' | Fertilizantes
Metanol | Combustibles Extraccion de Petroleo (EOR)

Gasolina/Diesel/SAF J \
& Solvente |

Metanol 4¢ Limpieza en seco

. Quimicos |k Conversion Uso Directo \f
Folimeros ,r { l '.\Emacclon de Cafeina

Agregados I Refrigeracion
® :E | Fluido Térmico — _
Cemento | Materiales de Construccion \ Sistema de Potencia

|( Farmaceutica

U

Concreto Alimentos y Bebidas

I,\ Otros |'r Soldaduras

X Usos médicos

www.educacionprofesional.ing.uc.cl
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Alternativas de Valorizacion de CO
Achieving Unprecedented Carbon Dioxide MTJet™ Technology )
Utilization in Concrete \/) oFUELS
CO,Concrete™ products are projected to reduce the global warming potential (GWP)
by ;f least 45% compared to OPC-concrete of equivalent performance grade ZTQ:‘:VH?:?EI\?
Anodes from Coal Waste can Significantly Improve Anode Capacity
when Compared to Graphite
* The CO,-to-concrete process was field tested at the Integrated Test Electrolysis ey
Center in Gillette, Wyoming and a pilot-scale demonstration was C capture
performed at Plant Gaston (1,800 MW) which provides flue gas
for the National Carbon Capture Center in Wilsonville, Alabama %m%égmu

« Approximately 15,000 blocks were carbonated

¢ Testing was successful with coal and natural gas flue gas without
upfront CO, capture

¢ Achieved in excess of 75% CO, utilization efficiency

¢ CO,Concrete product complied with industry standard specifications.
Production price parity was achieved with conventional concrete blocks

Lo

G2L™ eFuels MTJet™
eREACT™, Methanol synthesis,
¥ Cement production emits nearly 10 % of global CO, Fischer-Tropsch, Methanol-to-Jet
¥ 0.9 tons of CO, are emitted per ton of cement produced; Hydrocracking
4.5 billion tonnes of t produced lly
¥ Global concrete market ~ $1 trillion /year ¢ i
FT-SPK elet®
Waste CO, is incorporated and locked into the CO,Concrete™ product. (99-100%) (up to 100%)

https://netl.doe.gov/carbon-management/carbon-conversion The pathways to Sustainable Aviation Fuel | Topsoe

www.educacionprofesional.ing.uc.cl
Profesor(a): Roberto Canales — Junior Lorenzo
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Alternativas de Valorizacion de CO,

Testing Integrated Capture and Conversionat =« T
Engineering Scale through Algae Cultivation

Successfully Scaled the Integrated Algae Cultivation System
to a 3.2 Acre Raceway
The 0.2 acre, 0.3 acre, and 3.2 acre-raceways

were updated to improve scalability and
productivity while using Global Algae's

T e — .

Demonstration Plant ——

-~ >*Raceways
a—

/"Carbonated media bladder tank
proprietary cultivation technology g
_.—-Underground pipe

* The integrated system, as shown to the
e T e P

right, Relltas power plont five gas SUPP')’, From Magallanes, one of the southernmost points in the world, we begin our

3 - :
CO, capture absorbers, algae cultivation ; A// N ‘,..vf_l:’ower SR e journey fowards decarbonization.
raceways, harvesting system, and product ":r" e "'l"-‘lue gas supply & return
processing systems. = S Discover today’s new fuel
* Parametric testing and integrated tests \ A= : _~Harvest system
(~ten 7-day long tests) were performed s P . .
using power plant CO, (~3.5% CO, - . ——--Recycled media bladder tank ‘

concentration) with full media recycle.
absorbers

Operations Overview

Flue gas CO, is incorporated and locked into bio-derived products.

hitps://netl.doe.gov/carbon-management/carbon-conversion

Haru Oni (hifglobal.com)

www.educacionprofesional.ing.uc.cl
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Herramientas de Evaluacion de Proyectos

Definition
Dcsig; data Project report
i [, _Eresoes
e - -
. El Diseno de los Procesos Quimicos es un
Design evolution 1o Process integration .. . . . , .
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Figure 1.1 Outline of a design project.
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Aluminium Smelting:
002 to 0.2 Mtpa CO;
Captured

2 3 4 5 6 8 10 12

Petroleum Coke /
Natural Gas Power
Plant: 012 to 1.2 Mtpa
CO, Captured

Steel Plant Dedusting NGCC/ Steel Sinter Biomass Power Plant:
Chimney: 0.04 to 0.4 Plant: 0.07 to 0.66 013 to 1.3 Mtpa CO;
Mtpa CO; Captured  Mtpa CO, Captured Captured
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Cement Kiln Plant:
018 to 1.8 Mtpa CO,
Captured

Coal Power Plant: Steel Hot Stove Plant: Steel COREX Plant:
015 to 1.5 Mipa CO; 0.2 to 2.0 Mipa CO; 0.2 to 2.0 Mipa CO,
Captured Captured Captured
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Schorn, F., et al. (2021). "Methanol as a renewable energy carrier: An assessment of
production and transportation costs for selected global locations." Advances in Applied
Energy 3: 100050.

Devkota, S., et al. (2024). "Decarbonizing urea: Techno-economic and environmental analysis of a model
hydroelectricity and carbon captfure based green urea production." Applied Energy 372: 123789.
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FIGURE 3 | llustration of a comparison of environmental impacts for preducts
. ) N with identical chernical structure and compasition over the entire life cycle.
FIGURE 2 | General framework for life cycle assessment (European Committee for Standardisation, 2009). Impacts shown as bars on the x-axis only differ during the phases raw material
acquisition and production and thus, comparative studies only have to
consider these phases.

Miller, L. J., et al. (2020). "A Guideline for Life Cycle Assessment of Carbon Capture and
Utilization." Frontiers in Energy Research 8.
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v : XX ar types of projects
I it Maturity of design tools for sustainability 23%

Licensors preference for a specific EPC partner 23%

Other A%,
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Aspen Tech Sustainability Global Survey, Febrero 2022
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