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2 Infroduction

Carbon Capture Utilization and
Storage (CCUS) technologies are
essential to help achieve global
climate targets.

= The main objective of this report
is fo give an update of the recent
progress made in CCUS
technologies.

= CCUS is'considered a crifical
part of climate change mitigation
plans ayid reaching net zero.

= CArbon dioxide (CO,) accounts
for 5% of global greenhouse gas
emissions.

/ CO, emissions can be reduced
ia several mitigation options such

as energy efficiency improvements,

replacement of fossil fuel with
renewable energy, implementation
of nuclear power, ana CCS.

Recent advances in CO, capture technologies can be divided into
three categories: post-combustion capture, pre-combustion capture
and oxyfuel-combustion.

v Post-combustion capture offers a mature technology which can be
easily retrofitted to existing plants.

v Capture technologies include absorpfion, adsorption, membrane
separation, calcium looping, chemical looping, and direct air
capture (DAC).

v Recent developments in Carbon Capture and Utilization (CCU)
technologies include ufilisation of CO, to produce fuels, chemicals
and construction materials.

v A careful assessment of the lifecycle emissions of each product and
process is required to ensure the lifetime CO, emissions of the product
do not exceed the amount of CO, utilized.

v Recent progress in Carbon Capture and Storage (CCS) methods
include enhanced oil recovery (EOR), geological storage and natural
sequestration.

v' For industrial applications, carbon capture via absorption is the most
commercially mature technology to date, and in recent years a
s’rgody ngcreose of CCS projects using this technology has been
observed.

v Growin% interest in new fechnologies for CO, utilization, such as the
ﬁroduc ion of synthefic fuels, chemicals and construction materials
as been reflected in the increasing support from governments,
industry, and investors

v Geological sequestration is relatively well understood and recent
developments have focused on the effect of location, monitoring
methods and site characterization. However, due to low economic
value and liability concerns, governments’ intervention is needed

An overview of each technology is presented at the beginning of each section, followed by the recent advances.

Current projects and future hurdles of each technology are outlined, and the most important findings and the
challenges related to each technology are addressed in this report.




SCOPE OF REPORT:

= CCUS technologies involve the
capture of CO, from the power sector or
industrial processes, the fransport of the
CO, via ship or pipeline, and either its
conversion into valuable products or its
permanent storage.

» Recent research regarding
geological sequestration and enhanced
oil recovery EOR has mainly focused on
estimating capacity of CO, storage sites
and gvaluating health, safety and
enylronmental concerns related to CO,
ledkage.

Research of natural based methods
has focused on understanding the
complexity of ecosystems and long-term
project monitoring.

=  Many studies are focusing on the
implementation of CCS to the top-
emifting industries including iron and
steel, cement, petroleum refining, and
petrochemical. Unlike fossil fuel power
plants, many industries have few or no
CO,-free alternatives to manufacture
products.

Figure 1:

Carbon capture and utilisation (CCU) involves the capture
of CO, from a point source (power plant, steelmaking,
etc.), fransport, and subsequent use as a feedstock.

There is growing interest in CCU as a climate change
mitigation tool where the captured CO, is converted into
valuable products rather than sequestered underground.
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Emissions reduction and market potential of CO, utilization products. Source: Global CO, Initiative, 2016



ADVANCES IN CAPTURE TECHNOLOGY

lonic liquids are salts with melting points less than 100 °C. lonic liquids comprise of organic cations and anions with a potential
nymber in the order of 10'8, due to the substantial possibilities of ions studied (Krishnan et al., 2020). The characteristic of ionic
liquids can be altered via different ions and functional groups involved in the solvent.

The development of new solvents with fast kinetics, low regeneration energy, low toxicity, high thermal stability, and high
capacity have been the primary focus of research. Many screening experiments have been performed for different
promoters and novel solvents including but not limited to water lean solvents, biphasic solvents, ionic liquids, and amino acid
salfs.

v In post combustion capture based on amine solvents, CO,is removed via a chemical absorption process, which involves
passing a flue gas stream to an aqueous amine solution. The CO, can subsequently be released by heating the solution in a
desorber. In the dbsorption process CO,is captured from the flue gas in an absorber and released in the stripper (desorber)
by changing the temperature and/or pressure. lonic liquids exhibit high viscosity, occasional toxicity, and combustible
character.

e functionalised by adding solvents such as amines and amino acids. lonic Ionic Liquid
liquids b@sed on amino acids negate drawbacks seen in other ionic liquids such as Strong ion cohesion Weak ion cohesion

\ tfoxicity/and non-biodegradability whilst having relatively high CO, absorption capacity. w

Aming-acid-based ILs (aa-ILs) encounter kinetic limitafions due to their high viscosity

@ R
showed some dual amino group functionalised imidazolium AAILs presented more than @
uadruple the cyclic capacity of 30 wt.% MEA, with comparable viscosities. @ ﬂ @ i @ @
C

regnated into silica sorbents showed up to 600% higher CO, capacity when

npared to silica sorbents alone. [bomim] [Ac]-impregnated silica sorbents also o,

Figure 2: A schematic to show the mechanism of CO,
absorption in ionic liquids. Adapted from Ochedi et al., 2021

The madterials also showed faster kinetics than pure ILs.



ADVANCES IN CAPTURE TECHNOLOGY

Membrane Materials - separation technologies can be applied to pre-combustion, oxy-combustion, and post—-combustion carbon
capture processes. During membrane gas separation, polymeric or inorganic membranes separate gases by means of selective
permeation. One or more gaseous components are transported from one side to another due to a concentration gradient, since the
difference in partial pressure is the main driving force, membrane separation is more favourable when the gas stream is at high pressure.
For natural gas processing the CO, membrane permeance is targeted at more than 100 Barrer (non Sl units for gas permeability) with 1

um membrane thickness and a CO,/CH, selectivity in the range of 20-30, whereas for pre-combustion CO, capture, the H, membrane
permeance has been stated to be more than 200 Barrer with at least 10 H,/CO, selectivity. For CO, capture from flue gas, the

embrane is expected to have CO, permeance of more than 1000-5000 Barrer with CO,/N, selectivity in the range of 50-200, which is
significantly higher than both natural gas processing and pre-combustion CO, capture. Organic polymer membranes are preferred over
inorganic membranesdue to the material low cost and easy production. The most common polymers used are polyimide (Pl) which is

enriched  CO;enriched /” B) CO;enriched  Hyenriched  C) o ey co,enriched Used in the Medal Air Liquide/GTI membrane and polysulfone (PSf)
rentetate permeate rentetate permeate

e G rentetate permeate  which is used in the PRISM™ membrane from Air Products.
. | 1 = - 1 _§ Membrane ¢ Polyimides are the most widely used and investigated materials for
.« !} Q () Lc\ 6] Py & & ® CO,separation due to their good physical properties and suitable
a0 o 510 o e o mechanical strength. They are commercially manufactured under
e ¢ il 9 o S o () R o the frade name of Matrimid®, they exhibit a permeability of 4-30
o e ko 0 ki ° _o,,‘ Barrer and a selectivity of CO,/N, between 23-36. Research-scale
0 ¢ g ¢ ® S Y polyimides such as the hexafluoro-substituted aromatic polyimide
_' €0,4-30% _t - —' : (6-FDA) have shown a superior CO, permeability (400 Barrer) than
;‘i’xz{::feed P stmcepharic Hy/CO, feed C04/CHq ﬁ‘;z_:;?b:‘r the commercially available ones, with a CO,/N, selectivity of 17.
ot mixture g?,;dt?;o bar oo T20-60°C Figure 3: Potential applications for membranes in CO, separation: (A) post-combustion, (B) pre-

T300-700°C combustion, and (C) natural gas processing. Adapted from Prasetya et al., 2020

Strong collaborations between the National Carbon Capture Centre and various partners including the Gas Technology

Institute, the Department of Energy’s National Energy Technology Laboratory Membrane Technology and Research, and
France’s Air Liquide have positioned membrane separation as a next-generation carbon capture technology.



B ADVANCES IN CARBON CAPTURE AND UTILIZATION

Using captured CO, as a feedstock to produce fuels could provide new opportunities for diverse industries to lower their carbon
footprint. The production of fuels could increase the CO, demand by up to 2050Mt per year. It is important to note that CO, based fuels
Il eventually end up releasing CO, to the atmosphere, thus conversion of CO,info fuels can only be a carbon-neutral technology (in
the best-case scenario, where atmospheric CO,, electrolytic hydrogen, and exclusively renewable energy are used as feedstock). The
ost common fuels derived from CO, conversion are methane (CH,) and methanol (CH;OH), although CO (syngas) and ethanol can
glso be produced via CO, reduction. CO, conversion into CH, or the so called “power to gas” (PtG) process, also known as CO,
ethanation can occur via various pathways. The PtG concept has been proven at pilot scale in various projects, mainly based in
Germany. The most common pathways to convert CO, into methanol include homogeneous/ heterogeneous catalytic,
electrochemical, photochemical, and photoelectrochemical reduction.
Catalysts are centralfo the conversion process; therefore, much of the research efforts in the past few years have focused on
developing new cgtalysts that are more chemically stable, less corrosive, non-toxic and have lower production cost.
Catalysts used fof CH, production are typically composed of active metal

Catalyst development strategies

narticles dispepsed on a metal oxide support. Nickel based catalysts are usually r
e preferreg/catalyst for this reaction because of their high catalytic activity and ﬁmgmmbﬂofamm m
AH, selectivity. Other active metals such as rhodium, ruthenium, cobalt, and iron : .
p esent thg same or higher activity and selectivity towards CH, compared to “ 2 R3O
tkel buf are not used due fo their high cost. Additives such as ZrO, and ZrO have

onsfrated to improve the stability and activity of heterogenous based

Dlysfs. Some of the companies that are currently commercializing Cu and Zn
igh stable catalysts for methanol production include Mitsubishi Gas

ical, Sinetix, and Haldor Topsge. The use of novel structured porous catalysts
in diff@rent conversion pathways to produce methane and methanol has also Sia
gainé significonT interest in the past few years. Structured porous catalysts with 40 % ‘
their lfgRly containing order structure and high surface area provide several
advanioges over conventional catalysts aiding in metal site poisoning, sintering,
and ded@ctjvation due to exposure to high temperatures. Figure 4: Strategies for catalyst development, open access. Source: Ochedi et al., 2020

Nanostructuring Supports Shape Polymorph Adsorbates Core-Shell




ADVANCES IN CARBON CAPTURE AND UTILIZATION

arbon conversion into chemicals represents a Q catalyst J\
arge CO, sequestration potential of approximately +co, — =
00 Mt/year. R‘/ \Rz

The production of various chemicals is possible “’
through carbon capture and utilisation including

urea, formic acid, salicylic acid, organic Cyclic carbonate Polycarbonate Polycarbonate with ether linkages
carbonates, methanol, and syngas. A researched Figure 5: Different products resulting from the reaction of CO, with epoxides includes cyclic carbonates,
route of C02 utilisation involves ’rronsforming C02 polycarbonates, and., polycarbonates with ether linkages. Adapted from Zhang et al., 2020

into hydrocarbon chains that could be used as
fuels, chemicals, or plastic. Products involved in reactions undergone in mild conditions include carbamates, urea, and carbonates.

On the other hand, products that require high temperature and pressure include carbon monoxide, methanol, and ethylene

= Urea. Ureg/has the largest market size amongst the other chemicals with an annual production of 150 Mt/year and CO,
sequestration’rate of approximately 112 Mt/year. It is used as an agricultural fertiliser. It is also used in other applications such as the
production Of pharmaceutical, polymer synthesis and inorganic chemicals.

= Acids/Formic acid (FA) is a valuable chemical product that is used in food, agriculture, textiles, chemicals, and pharmaceuticals.
he conyentional process of FA involves the carbonylation of methanol and subsequent hydrolysis of the methyl formate that is
roducgd. Challenges associated with this process include slow kinetics, low yield, high capital costs and energy requirements and a
ticegible dependence on fossil fuels.

Carbonates. The use of CO,in carbonate production has potential to decrease carbon emissions. Carbonates are usually

sified as inorganic (metal) and organic where organic carbonates can be further classified as cyclic, acyclic and polycarbonates.
rially important organic carbonates include dimethyl carbonate (DMC), diphenyl carbonate (DPC) ethylene carbonate (EC)
ropylene carbonate (PC).

lymers. CO,-based polymers are produced by copolymerization of hydrocarbons and around 31-50% CO,, which in turn
s the dependency of petrochemical products. Owing to its quadrupolar nature, in the presence of two electronegative
atoms, the carbon atom depicts somewhat electrophilic behaviour which makes it susceptible to undergo nucleophilic
olycarbonates, which can be prepared by using CO,as a comonomer, have recently gained attention due to their
ability which could lead to sustainable plastic and as a CO, utilisation opftion.




ADVANCES IN CARBON CAPTURE AND STORAGE

arbon sequestration in geological formations involves CO, being injected deep underground at depths of significantly more than
1 km. The CO, is injected into sedimentary rock which comprises of sand, crushed seashells, or precipitated carbonates. These

cks are permeable with around 10-30% total pore space volume. The void space is full of water unless it also contains oil and

as. More generally, there are four principal mechanisms that prevent CO, from reaching the surface

1) Cap rock: Structural frapping is related to low-permeability layers of rock (cap rock) that prevent CO, from moving upwards. The fraps are made
up of salt, shale or clays with small pore volumes which means that CO, has insufficient pressure to enter and migrate upwards. In Sleipner, the use
period seismic surveys, which involves sound waves to image the subsurface, showed that injected CO, migrates to the top of the aquifer and
then spreads out under cap rock layers at the top. Comprehensive store characterisation is crucial to evaluate and certify a given formation for

use as a CO2 store.

Dissolution: The CO, will dissolve in the brine and carbonate minerals precipitate immobilizing the injected CO, in chemically stable forms,

3) Reaction: The dissolved CO, in brine forms an acidic solution which will react with alkaline rocks to form carbonates. The opposite can also occur
where the acCidic brine dissolves part of the rocks and hence increases pore volume and permeability.

4) CapillaryArapping: This process is the fastest and occurs when water displaces CO, in the pore space. Water tends to wet the surface which
leaves ZO, surrounded in water in a pore space bubble. The thermophysical properties of CO,, reservoir brines and their mixtures influence the

ironmental hazards in specific contexts. Carbonation of alkaline industrial wastes reduces chemical contamination and
environmental hazards.



ADVANCES IN CARBON CAPTURE AND STORAGE

nhanced Oil Recovery (EOR)

nitial research in the field was focused on improving recovery through the development of chemical foaming agents to
decrease CO, mobility, simple models to predict EOR performance using reservoirs characteristics, and evaluations of EOR
potential across the world.
= |nrecent years there has been renewed interest in EOR from unconventional reservoirs like the Bakken shale, the use of
computer aided techniques for co-optimisation of oil recovery and CO, sequestration, and the recovery of methane from
methane hydrates by the exchange of CO,,
= The initial production of an oil field uses primary recovery techniques whereby the natural reservoir pressure is the main
mechanism for oil recovery.
=  Operations were historically abandoned after secondary recovery, with subsequent extraction of oil requiring more
advanced tertiary recovery techniques, also called enhanced oil recovery (EOR). There are three main types of EOR, chemical
flooding, thermalrecovery, and gas injection.
Typically, 30 - 70’% of the injected CO, is extracted with the residual oil, with the
remaining CO/4remains trapped in the oil pore space. There has been renewed interest
in EOR from ynconventional reservoirs like the Bakken shale, the use of computer aided
techniques/tor co-optimisation of oil recovery and CO, sequestration, and the recovery i
f methagle from methane hydrates by the exchange of CO,

Bakken, Eagle Ford, Wolfcamp, and Barnett shale reservoirs have become primary
rgefts for oil recovery from unconventional reservoirs, with estimated reserves of 15 -
billigh bbl from the Bakken reservoirs alone. —

. 3 n . _ \ g
R¢cent research into oil recovery from unconventional reservoirs have focused on ng[) B

Injection Well Production Well

agldition of surfactants to act as wettability agents and/or foaming agents, and the
novel gas blends for EOR. | .
o commercially available non-ionic surfactants were tested, Indorama ] - iy

NIC® N-100 and Indorama SURFONIC® TDA-9. Early results showed oil recoveries
85 % and 75 % for pure CO2, TDA-9, and N-100, respectively. Injected CO, + water Mobilized Oil

-ionic surfactants have also been used to stabilize foams for in-situ CO, mobility Figure 6: CO,-EOR using WAG. Sourcer Craaradlongnaiis et nen



o OUTLOOK

= Despite the efforts made in membrane materials development and their fabrication, what is vital for
large scale post-combustion capture (PCC) are effective techno-economic analysis of process
flowsheets and pilot scale assessment of different system configurations using real flue gas streams

= Converting CO, to useful chemicals and or plastics could, under certain circumstances, have an
impact on decreasing CO, emissions.

= Currently various conversion pathways for CO, conversion to fuels are being explored.
Electrocatalysis, photocatalysis and a combination of thereof are the most well studied pathways with
the former being the most suitable for large scale deployment.

= |pf the United States, more than 70% of CO, used for EOR is sourced from natural underground
reservoirs due to the absence of infrastructure for capture from industrial emitters close to oil fields.

Incentives to store CO, through tax credits or a carbon market could shift CO,-EOR projects from
producing more oil with less purchased CO, to achieving a secondary goal of storing more CO.,.

= Despite EOR being a long-established technology, CO, monitoring, quantifying and reporting
standards must be improved to validate the potential emissions benefit to meet climate change targets.

= There are a small number of active (Sleipner, North Sea, Norway; Snohvit, Barents Sea Norway) and
completed (K12-B, North Sea Netherlands) offshore CO, injection projects in Europe that provide
confidence in the performance of offshore injection and storage.

Unlike fossil fuel power plants, many industries have few or no CO,-free alternatives to manufacture products. While
some investigate novel production pathways for some industries, it is highly unlikely that they will be commercially

ready to meet climate mitigation goals.



The Carbon Dioxide Capture and Conversion (CO,CC) Program is a membership-
directed consortium, launched in January 2010, whose members are involved in
developing, monitoring and utilizing the “state-of-the-art” in fechnological progress and

Carbon Dioxide commercial implementation of carbon dioxide capture and conversion.

The program'’s objective is fo document and assess technically and commercially viable

Ca p'I'U e d nd options for the capture/clean-up/utilization of CO, and its mitigation via energy
efficiency gains which meaningfully address the challenges posed by CO, life-cycle and

~ . oo . o » )
Co nVGI’SIO n overall sustainability issues. Included in the program’s scope are:
CO »  Global decarbonization efforts towards net zero or negative carbon emissions
(CO,CC) Program

=  |ndustrial process technology shifts towards renewable, circular and sustainable
practices

» CO, capture and/or separation

=  CO, concentration, purification and/or other post-treatment

=  CO, utilization/conversion (e.g., CO, as a feedstock) for use as a fuel or
intfermediate, including enhanced oil recovery (EOR)

=  Energy requirements (and other costs), including energy efficiency

=  |ndustrial process improvements and energy saving initiatives which mitigate CO,
production

=  Boftom-line financial (income) impacts resulting from CO, reduction programs
= Life-cycle considerations and sustainability of CO, applications
» GHG/CO, regulation and “cap and tfrade” developments

By the direction of the member companies (through balloting and other interactive
means) and operated by TCGR, the program delivers weekly monitoring
communications via email (CO,CC Communiqués), three techno-economic reports
(highly referenced and peer reviewed) and scheduled meetings of members (either in-
person or via webinar). Access to deliverables is exclusive to members.



Contact & More Information

More information about this and other services of the CO,CC Program can be seen af
http://www.catalystgrp.com/php/tcgr_co2cc.php.

Call +1-215-628-4447 or e-mail John Murphy, President

Imurphy@catalystgrp.com,and we'll be happy to discuss these
and other interesting membership benefits.

www.CatalystGrp.com

The Catalyst Group Resources (TCGR), a member of The Catalyst Group Inc.,
is dedicated fo monitoring and analyzing technical and commercial developments in catalysis as they apply to the global
refining, pefror‘h.omir‘ml fine/lcnecinlty chemicnl nhormaoceinitical nolvmer/elastomer and environmental industries.
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