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SwWRI® Technical Expertise “Deep Sea to Deep Space”
And Everything Between

Applied Physics
Applied Power

Chemistry and Chemical Engineering

Homeland Security,
Defense, and
Intelligence

Defense and Intelligence Solutions

Fuels and Lubricants Research

Robotics,
Automation,

Mechanical Engineering and
Simulations

Intelligent Systems

Regenerative
Medicine Infrastructure

Communications

Powertrain Engineering

Space Science

Space Systems

Alvin Deep Diving
Solar Systems Science Submersible

-
=

Water and
Geological

Engine Design and
Optimization
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SwRI® Technical Expertise

= Applied Physics
= Applied Power

= Chemistry and Chemical Engineering Chemical Engineering
Department

= Defense and Intelligence Solutions

* Fuels and Lubricants Research Carbon Capture &

Utilization Process
Development

Fuels & Energy Refinery & Catalyst Pilot Plant Design
Development Pilot Plant Services & Fabrication

Process Chemistry

* Intelligent Systems

" Mechanical Engineering
* Powertrain Engineering
= Space Science

= Space Systems

= Solar Systems Science

® CHEMICAL ENGINEERING
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Carbon Capture and Utilization Process Development (CCU-PD)

CO, Capture

—————> CO, Utilization

CO, VEI G == CO, Market Areas
e CO, to Fuels (RWG/FTS)

e Sustainable Aviation Fuel (SAF)
e CO, to Chemicals

e Methanol, olefins, aromatics
* CO, to Polymers

* Plastics, foams, resins

= Point Source Capture — Pilot Units

* CO, to Carbonates
* CO, flue gas separation

md Lab Testing

e VLE Testing Capabilities
* Absorption/Desorption Kinetics

/el CO, to Value-Added Products |
* Consider CO, as valuable starting
material for new and emerging

markets

e Support R&D and new technology
development such as graphene
generation

e Sparger Design
e Analytical Characterization

ml Engineering Services

® TEA of value-added product streams
¢ Pilot to Demonstration scale testing

CHEMICAL ENGINEERING
swri.org
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Global CCUS Trends

Figure 3.1-1: Capacity of commercial facility pipeline since 2010

Biomass to

e
| Power and Heat
Cement
2010 | Early development .
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Global-Status-of-CCS-Report-1.pdf (globalccsinstitute.com)
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CO, Capture

* Commercialized technology [TRL 7-9]
— Amines, PSA,VSA

* Room for improvements [TRL [-6]

— Absorption capacity
— Selectivity

— Energy reduction

2017

CCUS — Analysis - IEA

2018 2019 2020 2021

2022

SOUTHWEST RESEARCH INSTITUTE

https://doi.org/10.1016/j.fuel.2023.127776

DEVELOPMENT RESEARCH

DEPLOYMENT

TRL 1
CONCEPT

TRL 2
FORMULATION

TRL 3
PROOF OF CONCEPT
(LAB TESTS)

TRL 4
LAB PROTOTYPE

TRL 5
LAB-SCALE PLANT

TRL 6

PILOT
PLANT

TRL 7
DEMONSTRATION

TRL 8

COMMERCIAL
REFINEMENT
REQUIRED

TRL9
COMMERCIAL

Chemical absorption

Physical absorption

Membranes techniques

Electrochemically mediated adsorption

Encapsulated solvents .

Encapsulated solvents .

Polymeric membranes/ .
liquid solvents hybrid

Amino acid-based solvent '

Sorbent-enhanced water
gas shift SEWGS)

‘Water-lean solvent .
Vacuum pressure swing
adsorption (VPSA)

Calcium looping (CaL) .

Chemical looping
combustion (CLC)

Phase change solvents .

Water-lean solvent .

Electrochemical
membranes integrated
with MCFCs

Sterically hindered amine .

Physical solvents
(Selexol, Rectisol)

Cryogenic method

Chemical 1 ing comk

Tonic liquids

Tonic liquids

Room temperature ionic
liquids (RTIL) membranes

Water-lean solvent

Temperature swing adsorption
(TSA)

Chemical looping combustion
(CLC)

Temperature swing
adsorption (TSA)

Chilled ammonia (CAP)

Membranes/
Physical adsorbent hybrid

Sterically hindered amine

Sterically hindered amine

Temperature swing
adsorption (TSA)

Sterically hindered amine

Traditional amine solvents
Benfield process (K:COs)

Vacuum swing adsorption (VSA)

Plls

jon (CLC)

Electric swing adsorption
(ESA)

Electric swing adsorption
(ESA)

Amino acid-based solvent

Phase change solvents

Temperature pressure
swing adsorption (TPSA)

‘Water-lean solvent

Polymeric membranes/
Cryogenic separation hybrid

Enzyme catalysed adsorption

Calcium looping (CaL)

Polymeric membranes

Chilled ammonia (CAP)

Gas separation membranes
(natural gas processing)

Pressure swing adsorption
(PSA)

Adsorption

Calcium looping (CaL)


https://doi.org/10.1016/j.fuel.2023.127776
https://www.iea.org/reports/ccus

Technolog

PSA/VSA/TSA .
[ ]
[ ]

Calcium Looping °
-CFB, Carbonator and Calciner

-Ca0 + CO, €-> CaCo, .
Carbonation: 550-700C °

Calcination: 800-950C

Advantages

High absorption
efficiency (>90%)
Regenerative sorbents
Mature Process
Designer amines

High selectivity (PSA at
higher pressures)

High purity (99%) and
high recover (>90%)
VSA — lower pressure
operation, humid
environments

Can handle high
temperature feed gases
Regenerative sorbents
Can handle impurities
(CO, H,, CH,)

High capture efficiencies
(>90%) at low partial
pressures

Disadvantages

Absorption dependent
on CO2 concentration
(partial pressure)
Regeneration requires
large amounts of
thermal energy
Sorbet degradation
(environmental)
Solvent loss
Selectivity

Requires feed gas
cooling

Requires pure flue gas
(remove H,0, NOx, SOx)
Regeneration cycles
Sorbent loading (size of
equipment)

Sorbent material
degradation

Requires high energy for
calcination

Reaction efficiency can
become mass transfer
limited

Deactivation over time

Sumitomo, >50 tpd
Tecnicas Refundias (V-CAL)
8-Rivers (Calcite)

Calcium Looping 17 MW demo plant completed in La Pereda,
Spain. The pilot plant was commissioned in 2012 with
demonstrated capture efficiency of over 90%

CHEMICAL ENGINEERING

SOUTHWEST RESEARCH INSTITUTE
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https://www.globalccsinstitute.com/wp-content/uploads/2024/08/Report-CCS-Technologies-Compendium-2024-3.pdf

CO, Capture - Development .

Technolog
Polymeric Membranes
* Solution-diffusion
* Polyethylene Oxide (PEO),
* Perfluro
* Thermally rearranged (TR)
* Facilitated Transport
* Amine based
Ceramic Membranes
* Air Products/DOE
* SwRI-Li,ZrO; based

Chilled Ammonia
* Baker Hughes

Advantages

Smaller footprint
Reduced energy

No phase transformation
Reduced operating cost
(simple system)

Thermal stability
Mechanical stability

Small footprint

Elevated temperature
operation

Reduced operating cost
Absorption at high loading
(1.0 mol-CO,/mol-NH; — MEA
is 0.5 mol)

Low corrosion

Low degradation

Easy regeneration

Treated gas

/
Moo

° Permeability and

selectivity trade-off
° PEO —

crystallinity/film-

forming
. Relatively low mtr.pdf (mtrinc.com)

temperature CO, Concentrate (~85% CO,) to CPU
° Production cost
o Seals/leakage 200 tpd pilot - Polaris Membrane - 10x CO, permeance, 10x size reduction

Baker Hughes, Chilled Ammonia Process
— Flue Gas
Jrested e ooling — Et":;s‘i,'.“uﬂi?

e Ammonia escape e e —
. Secondary pollution e et
° Lower absorption rate

Product CO;
to Compression

Regenerator

Flue Gas In ==

Steam In
Flue Gas —

[ .
Condensate ["JReboiler

Return
Condensate

Report-CCS-Technologies-Compendium-2024-3.pdf (globalccsinstitute.com) C HEMI CAL EN G INEERIN G
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https://www.mtrinc.com/wp-content/uploads/2020/01/mtr.pdf
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CO, Capture - Research

Physical adsorption

Cryogenic distillation
‘ * Liquid film thickness

* CO2 concentration

e N/ N )
Interfacial & local Two-phase mass transfer

Manipulation conditions
parameters dynamics

Technolog

lonic Liquids ° Low volatility ° Increase in viscosity after
. Room temperature ° High tunability CO, capture

molten salts composed of . High cost

cations and anions

Supported lonic Liquids

(SILs)

Membrane separation

Biological assimilation

* Type of absorbent * Temperature

Physical absorption * Two-phase flow pattern * Liquid and gas flow rate

* Temperature field * Microchannel geometry * Pressure

Chemical absorption

* Absorbent concentration

* Liquid velocity field * Mass transfer model

* Mass transfer prediction * Gas composition

correlation

Absorbent
storage |iquid mass,
controller (=)

A AN J

CO2 absorption intensification methods

l_<

Encapsulated solvents
. . . “« ” . Separator Electric — b
Electrcoswing Adsorption (ESA) K Reduced energy ° Requires “Green” grid . Mm‘mj @ L "2 ﬁ.: = min
Microchannel
i i i i absorber 3
FIoYv gas consumption (electrical ° Requires conductive = e gyt g‘ s . ;
Activate electrodes versus thermal) adsorbents abeorbent Satting global geamietsy | | Distist Operiting modes Integration |
. . Microch | based chemical absorption \ 2
Capture CO, ° Reduced overall cost . Requires even heating

Deactivate electrodes . Reduced footprint . Requires significant time Protic lonic Liquid (PILs)
’/0

Release CO, to cool (Heating is ~1.5% % =
of cycle time) —— R & / o

. . f o 4 N ‘
Electroswing Adsorption Lo /N &
fim}-coo- A ? H 0@
|\ /

°p
CO, Capture CO, Release o
‘
|| ‘| o I\C,H.OCOO‘
Open Closed Closed &L
Gate E"le‘—tm'Yte Gate Gate
iy [k o
E o> B 5 S
A LN - C R Uk £ =1 o
PO —— 3 £ @ =3 ¢
& pL -E 35 -g = '_mr Absorption ©H
o = e = £ 8 = Desorption CHOH ™ LAY
yvo_ —5 a v E] g
Fig. 3.6. The mechanism of CO, capture into [DETAH][Im]-EtOH-H,O (Lii B,

2021). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

\ G
Gating Membrane . https://doi.org/10.1016/j.ccst.2023.100178.
@  Electro swing direct air capture - Advanced Science News C HEMI CAL ENG INEERIN G
- 10
swri.org
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https://www.advancedsciencenews.com/electro-swing-direct-air-capture/

CO, Capture - DAC (In Between)

= DAC Systems
— Multi-technology

* Adsorption, absorption

* Liquid, solid media

— Low CO, concentration

— Typically, in dry environments

* Challenges:

— Cost

* Size required, first of kind units

— End use of CO,

SwRI

* On site usage

* Pipeline to EOR / sequestration
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=
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1Pointfive (CarbonEngineering/Oxy) — STRATOS, West Texas: 500,000 tons/yr

CHEMICAL ENGINEERING
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CO, Capture R&D Drivers

= Optimize solvent/column technology

— Increase absorption capacity
Reduce regeneration energy
Increase lifetime

—>Reduce opex

" Reduce capex co,

. (ppm)
— Smaller footprint

— Reduced size

" New Tech Development

— |Innovation

Atmospheric CO, concentration at Mauna Loa

440

“~ TN
Forecast for 2025—,’—;, )
420 N / SR
-_/\\\\ //// “-s.\\
7 N
400 / A
/ [ B
/ \
/ \
380 | )\
|
Observations { J
360 \ /;
\
\ /
/
/
340 /
s
-
320 Observations: Scripps Institution for Oceanography, UC San Diego
Forecast for 2025: Met Office
1.5°C scenario: IPCC (2022) scenario C1-IMP-SP
300
1958 1964 1970 1976 1982 1988 1994 2000 2006 2012 2018 2024 2030 2036 2042 2048 2054 2060

Year
Mauna Loa carbon dioxide forecast for 2025 - Met Office

CHEMICAL ENGINEERING

SwRI
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https://www.metoffice.gov.uk/research/climate/seasonal-to-decadal/long-range/forecasts/co2-forecast

CO, Transport (pipelines)

= US:
— 5000 miles of CO, pipeline
— 260,000 hazardous liquid pipeline

— 3-million natural gas pipeline

10000 -

1
Jlid Phase SUPER-
1000 - o e | CRITICAL
' | PHASE
Dense liquid phase :
L R Y s s ——— e —
Liquid phase Critical point
E . (72.8atm: 31.1°C)
-
g Triple point
a (5.2atm: -56°C)
8 i
a
01 - Gas Phase
— CO:zPipelines
0.01
B Geologic Storage Potential
0.001 T T T T T T T T T 1
-140 -120 -100 -80 -60 -40 -20 o] 20 40 60
Temperature (°C) Figure 4. CO, pipelines and geologic storage potential in the US. (Storage regions from the National Carbon Sequestration

Figure 6. Carbon dicxide phase disgram (sfter Mazzoldi et al., 2008). phase CO; Includes both Nquid Database and Geographic Information System, NATCARB. Figure courtesy of the Great Plains Institute.)

CO, and supercritical CO,. CO: [s typically transported In its dense liquid phase (circled region in the figure).

Building-Our-Way-to-Net-Zero-Carbon-Dioxide-Pipelines-in-the-United-States.pdf (globalccsinstitute.com)

CHEMICAL ENGINEERING
swri.org

13

SOUTHWEST RESEARCH INSTITUTE


https://www.globalccsinstitute.com/wp-content/uploads/2024/05/Building-Our-Way-to-Net-Zero-Carbon-Dioxide-Pipelines-in-the-United-States.pdf

CO, Sequestration

UIC Class VI Permit Tracker

Carbon TerraVault I, LLC: CTV EIK Hills A1-A2

Carbon TemaVault |, LLC: EIK Hills 26R

Lorain Carbon Zero Solutions, LLC: Lorain CCS

Oxy Low Carbon Ventures, LLC: Brown Pelican

Ca(bon TerraVault Holdings, LLC: CTV I

Carbon TerraVault Holdings, LLC: CTV Il

ar%nscafbonlnlectlon LLC: Marquis Carbon

Heartland Greenway Carbon Sterage LLC Heartland Greenwa

arbon Partnership, LP: Hoosler #

One Eanh Sequestratm LL One Earth CCS

Aera Energy, LLC: CarbonFrontier

Orchard Storage Company, LLC: Orchard

Lapis Energy (/ RDevelcpmem LP: *Blue

HeaﬁlandGreenway Camon Storage, LLC: *Vervain

n Renewables, LLC: Pelican

Archer Danlels thlana *ADM Decatur Campus

PureField Carbon Capture, LLC: Russell CO2 Stor%jge Con;psg:
Lind

Archer Daniels Midland: Maroa

Carbon TerraVault Holdings, LLC: CTV IV

Tenaska: Longleaf CCS Hub

Denbury Carbon Solufions, LLC: Leo

Montezuma NorCal Carbon Sequeslrahon Hub Montezuma Carbon LLC

Calpine California CCUS Holdings: Sutter Decarbonization Project

Heartland Greenway Carbon Storage, LLC: Compass

Four Comners Carbon Capture, LLC: San Juan Basin Sequestration

BP Carbon Solutions LLC: Jasper Counly Storage Facility

Milestone Carbon Midiand CCS Hub, LLC: Dusek CCS #2

Carbon TerraVault Holdings, LLC: CTV V

CapturePoint Sclut{l}on{sL LLC: CCUS 1

Pineywoods CCS, LLC: Pineywoods CCS Hub
1PointFive Sequestration, LLC: South Texas Sequestration Project (Kieberg Hub)
Praft Energy: Pratt Energy CCS Project
Carbon America; Denova
BP Carbon Solutions LLC: West Ba
Chevron U.S.A., Inc.: Kern River Eastridge CC:
BKVerde, LLC: Whites Bayou
White Energy Carbon Solutions, LLC: Texas Carpon Storage |
Titan Carbon Sequestration, LLC: Titan Carbon Sequestralion
ExxonMobil Low Carbon Solutions Onshore Storage LLC: Rose Carbon Capture and Sto.
Carbon America: Voyager
Tri-State CCS, LLC: Tri-State CCS Redbud 1
Tampa Electric: Polk Storage Complex
CDP Il CO2 Sequestration, LLC Callcne Eeaumom Sequeslrae‘uon F'm)ecl

Carbon Storage Solutlons LE.C Front Ran: e1 1
Bayou Bend CCS LLC: Bayou Bend East
ConocoPhillips Texas Guif Coast CCS LLC Cunccqu\llps Texas Gulf Coast CCS Ref.

07/23/202102/08/2022 08/27/2022 037152023

:pajepdn 3se]

vzoz/z/s

10/01/2023 04/18/2024 1110472024 06/23/2025 12/09/2025 06/27/202601/13/2027

Completeness Review! - Technical Review?? - Prepare Draft Permit - Public Comment Period - Prepare Final Permit Decision®

(est. 30 days) {est. 18 months)

- Cumulative portion of
Completeness Review
waiting on applicant response’

Cumulative portion of
Technical Review
waiting on applicant respanse?

{est. 60 days) (est. 30-45 days) {est. 90 days)

Cumulative portion of
Technical Review
on applicant requested hold

@ Notice of Deficiency (NOD) Sent! A Request for Additional Information (RAI) Sent? - Applicant response time to NODs and RAIs'?

= EPA: 8-permits (lllinois/Indiana)
" Primacy States:
North Dakota: 8
— Wyoming: 3
Louisiana: 0

= |30+ EPA permits pending

Figure 1. ClassVI Permits Issued and Under Review by EPA

Note: Bars to the right of the "last updated" line represent estimates of
future review periods.

*Completeness review restarted after substantial changes made to project.

Current Class VI Projects under Review at EPA | US EPA

!See Completeness Review Details tab for individual NODs.

2See Technical Review Details tab for individual RAIs.

3Estimated Technical Review peried depends on the complexity and quantity of RAls needed to evaluate the
application and receiving timely responses from the applicant.

“Time to Prepare Final Permit Decision depends on the number and complexity of Public Comments received.

WA
MT —
Red Trail Energy,
Fae! 2:% Gasification -
on
NH
MN Wi
D S0
WY Ml NY —MA
e \ R
— Solutions HE " PA cr
L OH o
ur N -—
o Wabash Carbon
=i Ks Aglll @'eash Cay vrv -\\M_r_.u?
MO VA 4
KY
i *
™
AZ AR
M oK sc Class VI Permits Under Review
ws M B s+
1n-24
™ LA 1-10
o Class VI Permitted Wells
" " B Number of State Issued Permits
@ Number of EPA lssued Permits

Source: CRS graphic based on U.S. Environmental Protection Agency, “Current Class V| Projects Under Review
at EPA." accessed on April |, 2024, https://www.epa gov/uic/current-class-vi-projects-under-review-epa.

Mote: Figure includes permits under review by EPA as of April 1, 2024. Figure does not include permits that
may be under review by states with UIC Class VI program primacy, as these are managed by individual states
rather than EPA.

SOUTHWEST RESEARCH INSTITUTE
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CO, Utilization

WHOLE ALGAE

BIO CHAR MEAT FUELS & BLENDSTOCKS

BIOGAS, SYNGAS &, COMMODITY, SPECIALTY

YV 4

T & FINE CHEMICALS
FUELS &
LPDS BIOMASS | = EMERGING
-y L e - CHEMICALS BIOCHEMICALS
PROTEINS .
CARBOHYDRATES ©
BICARBONATES - COMMODITY,
INORGANIC | g:gﬁ 1%: SPEGIALTY & FINE
s ._ CHEMICALS
CARBONATE MATERIAL @ CHEMICALS
AGGREGATES
CARBONATE ©2 BASIC CHEMICALS,
CEMENTS GRAPHITIC CARBON
WORKING
OTHER MATERIALS FLUIDS
& CHEMICALS 00, SYNGAS.,
_. C1BASIC
: : CHEMICALS
ENHANCED RESOURCE REcovERv
About Carbon Utilization | netl.doe.gov
CRUDE GEDTHERMAL
oL ENERGY
NATUH‘.AL GROUND/
COALBED  WASTE
METHANE  WATER
e CHEMICAL ENGINEERING

- 15
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https://netl.doe.gov/coal/carbon-utilization/about

CO, Utilization - Fuels

Power-to-Liquids for aviation

PtL is a type of sustainable aviation fuel (SAF) that is composed of synthetically produced liquid hydrocarbons.

060 =

RENEWABLE ELECTRICITY REFUELLING

© O O

- - — -
> T
SITES OR DIRECT AIR CAPTURE CARBON MONOXIDE
FTS RWGS Catalytic reactions

.:,-"' C0+ Hzo "
SUSTAINABLE AVIATION FUEL MARKET
GLOBAL FORECAST TO 2030

Er ¥ L : »

11

16.8
CAGR OF
47.7%
The global sustainable
aviation fuel market is
expected to be worth 0.2
USD 16.8 billion by —

2030, growing at a 2021 2023 2030

5 .
CAGR of 47'74’ du"ng ®North America ™ Europe Asia-Pacific ™ Middle East ™ Latin America
the forecast period.

CO,/H,0
.
CO/H,

CO/H,
Catalyst activation

CHEMICAL ENGINEERING

SOUTHWEST RESEARCH INSTITUTE
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CO, Utilization — Chemicals / Building Materials

p o HCOOH g

RNH
Sor

CH:OH Carbon Dioxide Market

¢ Intermediate of fine chemicals for R'RNCORR'
the chemical industry R CHyO0H = i i
-C(0)O-: Acids, esters, lactones e e o3 f ' ' ? 3 ! ! 13.52
-O-C(0)O-:Carbonates \Q’/ CH, 2. : - Rt 3 '
-NC(O)OR-: Carbamic esters o @@ = 714 | ?
-NCO: isocyanates CoHaone2 £ i i
-N-C(O)-N: Ureas @ CnHan w | g i
* Use as a solvent s b i | :
¢ Energy rich products \E% CnHznOH f 3 !
CO, CH3OH  on CobanatNHz 2 |
é,ooowa AN & I I . |
s i
HC<) 2018 2019 2020 2021 2022 2023 2024 2025 2026 2030 2031 2032
NR2
5. Carbon Dioxide as a Feedstock | Carbon Management: Implications for R&D in the Chemical Sciences and Technology | The National Academies Press Carbon dioxide Market Size, Share & Forecast Report 2032 (marketresearchfuture.com)

GLOBAL CO, UTILIZATION MARKET
Market size (billion dollars, USD)

7N $600 -
“HORSHOR &I o
- ®m Carbon additives
$400 - H Protein
$300 - B Chemicals
_HORSHOR N
Fuels
$100 - ® Building materials
$- |
P | v, B oS Pl P owmoweewta P EROVR 2020 2025 2030 2033 2 "8 X

Building materials leading CO?2 utilization market to USD 550 billion

Emerging CO2 utilization technologies for construction materials: A review - ScienceDirect

© CHEMICAL ENGINEERING

SOUTHWEST RESEARCH INSTITUTE SW rl . O rg
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https://nap.nationalacademies.org/read/10153/chapter/7#84
https://www.marketresearchfuture.com/reports/carbon-dioxide-market-20689#:%7E:text=The%20Carbon%20dioxide%20industry%20is,to%20a%20single%20carbon%20atom.
https://balkangreenenergynews.com/building-materials-leading-co2-utilization-market-to-usd-550-billion-by-2040/
https://www.sciencedirect.com/science/article/pii/S2212982022003560#fig0055

CO, Utilization — Novel Markets

" CO, to Graphe
— SwRI IRD -

ne

Magnesiothermic Reduction

- Composites ~ Coatings

Li

Dip Tube with
Sparger
B Graphene Nanoplatelets
Global Graphene Market  oEphions 1o
Size, by Product Type, 2023-2033 (USD Billion) Reduced Graphene
70 62
w0 -
50 44
40 =
31
30
_
. . . 20 5 e
Kevin Wyss, D. X. (2022). Large-Scale Syntheses of 2-D Materials: Flash Joule Heating and Other Methods. . 4 LU
10 —
Advanced Materials , 34 3 3 d D .
! 0 — — e [ .
2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033

Single or Conductive

Inks/Fibers

CO, Gas Stream
Inert Gas pad Acid Bath (HCI) . .
SF.or A1) MgO, Zn0, C,, (R EeIy Filtration Gy (Wet)

MgO + H,0 < Mg(OH),
Mg(OH), + 2HCL - MgCl, + 2H,0

Graphene Product

Reactor(s)

Mg, Zn (6 wt%

Mg +2C0, > 2Mg0 + Cy

Mixer

- {l - {l

| €O, / 0.5% SF

Liguid Mg Mixed Melt

co,
31655 Vessel mummm—
A

l« Crucible Heater

Ll:t:::ucr:tgkuz’i: Grow 4.2.50/‘,The Forecasted Market 562 B "'I!l rnurket..‘y‘s C H E M I CAL E N G I N E E RI N G

Size for 2033 in USD:

SOUTHWEST RESEARCH INSTITUTE
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https://market.us/report/graphene-market/

CO, Utilization — Novel Markets

CO, Gas Stream

* CO, to Graphene

— SwRI'IRD - et g0, 700, G
Magnesiothermic Reduction

= Results so far W ceactor(s

Mg +2C0, > 2Mg0 + Cy

— Increased yield

— Increased dispersion
" Next steps

— Complete test matrix
* Higher conversion

* Increased quality

— Perform TEA for larger
system

— Scaleup (g =2 kg scale)
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Role of R&D

Increase TRL level

Piloting novel
technologies

Continue pipeline of
new tech

Gov/Industry Bridge

- Lab to pilot development [TRL 3-7]
- Bridge “valley of death”

- Learn at smaller scale (lower S value for process changes)

- Batch to continuous

- Innovative and disruptive technologies

— Using government programs to advantage

CHEMICAL ENGINEERING

SOUTHWEST RESEARCH INSTITUTE

swri.org
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Closing

= CO, is an emerging market
— CO, utilization has historically had minimal growth (demand constant)
— See increase with CO, availability in market
* CO, capture is “Standardizing”
— General tech is simple/mass produceable
" Role of government
— Important but less reliant
= Role of R&D
— Key to innovation and improvements
— ldentifying new market areas

— Reduced cost of learning mistakes ($)

¢ CHEMICAL ENGINEERING
SOUTHWEST RESEARCH INSTITUTE SW ri . O rg
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Thank you

Michael Hartmann — Manager-R&D
Carbon Capture and Utilization Process Development Section
Chemical Engineering Department
michael.hartmann@swri.org

CARBON CAPTURE
AND UTILIZATION

A Section of @'B’
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