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Disclaimer

* Battelle does not engage in research for advertising, sales promotion,
or endorsement of our clients’ interests including raising investment
capital or recommending investments decisions, or other publicity
purposes, or for any use in litigation.

* Battelle endeavors at all times to produce work of the highest quality,
consistent with our contract commitments. However, because of the
research and/or experimental nature of this work the client undertakes
the sole responsibility for the consequence of any use or misuse of, or
inability to use, any information, apparatus, process or result obtained
from Battelle, and Battelle, its employees, officers, or Trustees have no
legal liability for the accuracy, adequacy, or efficacy thereof.
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MRCSP in Maryland

MRCSP Annual Partners Meeting
Day 1 Agenda

Wednesday, November 14, 2018

Historic Inns of Annapolis
58 State Circle
Annapolis, MD 21401
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Types of CO, Sources

« Chemical Manufacturing
» Cement

« Refining

» Other

High Purity Streams Low Purity Streams
216 MMT
CO, Sources
- Ammonia
» Natural Gas Processing » Coal Fired Power

* Other « Natural Gas Fired Power

Addressable

« Transportation
« Agriculture
* Residential/Commercial
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Types of CO, Sources
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Types of CO, Sources

Coal Power Plant Gas Power Plant - Air Capture
0.04% CO,
~0.006 psia CO,

Ethanol Plant

- 100% CO,
~~18.4 psia CO,
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Presentation Notes
https://reader.elsevier.com/reader/sd/pii/S1364032118307731?token=13C43B338BE5C655B28F6463D00155A1CF72CFC992FC4EA497DF48B8AFA11CB1A9705E8DC93EDEFFDBBEEB5F5048F430


Types of CO, Sources

High Cost
Complexity
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Air NG-Fired Coal-Fired Cement Plant Ethanol Plant Ammonia NG
Power Plant Power Plant Plant Processing
Plant

£ Cost of Capturing CO, from Industrial Sources, January 10, 2014, DOE/NETL-2013/1602
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CO, Capture Technologies

Post-Combustion

r
Air

-

Coal-Fired Power Plants

Compression

4

Carbon Capture Pathways

Oxy-Combustion
Combuston ]

I

o

co,

Gasification |
{ Reform

l Air/ 0,

Pre-Combustion

. v
CompressionY Compressmnv \
v
Heat & ?

Heat &
Power

Heat &
Power

- Underground
Storage

Power
Turbine

Other:

+Synthetic
natural gas

+Chemicals

+Liquid fuels

Other

Direct Air Capture
Gas Processing
Ethanol Plants
Refineries

Chemical Plants
Petrochemical Plants
Cement Plants

Natural Gas Power Plants
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CO, Capture Technologies

Pre-Combustion

O Solvents

O Sorbents

U Membranes

U Hybrid processes

U Water-gas shiftreactor

Post-Combustion

O Solvents

QO Sorbents

O Membranes

Q Hybrid processes

Advanced Combustion

O Atmospheric oxy-combustion
U Pressurized oxy-combustion
O Oxygentransportmembrane

Q Chemicallooping

/
4
/ .
/ Chemical

Production
Method

Capture Technology

Process
‘, Equipment
\ Design

Process
Chemistry

Advanced CO,

Development

‘, Equipment
{ Manufacturing
\ Method

Process
Integration

<

Source: Dr. S. Vora, U.S. DOE/NETL 2013 Capture Technology Meeting
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Q Intra-stage cooling

O Cryogenic pumping

Q Supersonicshock
wave compression




CO, Capture Technologies

Energy penalty- capture technologies increase both
capital costs and energy use.

Net Plant Efficiency

Technology Without With 90%
Capture Capture

Pulverized Coal Post Combustion

- 1950-1980s Boiler Fleet 32-35% 22-25%
- Current Supercritical Units | 38-40% 27-28%
- Ultra Super Critical Target 45-48% 31-33%
Oxy-Combustion -- 28-33%

Integrated Gasification T o
Combined Cycle, IGGC 38-44% | 31-35%
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Post-Combustion Capture

Post-combustion advantages:

» Back-end retrofit

» Slip-stream (0 to 90% capture)

Amine scrubbing Advantages: Amine

« Proven Technology (Petroleum K
refining, NG purification)
Chemical solvent - High @
loadings at low CO, partial Absorber Repeneriler
pressure Heat
Relatively cheap chemical ($2- Gas cooler exchanger |
3/Ib) A Reboiler

Condenser Recovered CO,

cooler

Steam

Key Challenges:
Dilute flue gas (12-15 volume %)

2-3 MM acfm for a 500-600 Mwe
plant
~50% currently scrubbed for

SOx/NOx
Increased cooling requirements AES Warrior Run Power Plant, Cumberland MD

post-combustion amine capture 150-300 tons/day
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Pre-Combustion Capture

Pre-combustion advantages: (shifod Syngas
i co 2% Sultur
Easier removal — o Sion_
More efficient _ASU_ Stoam i Sulfur
e Recovel
Proven Technology (fertilizers, o,,li“,;l__ ! | -
gaseous fuel, power production) ot e ey L] syome | watrcss | sy, con
: H : Goal —»| 1,800-2,500°F Quench Cleanup T Shift Cooler | I Separation
Relatively more expensive Steam

Water Fuel Gas

($60/ton)

Key Challenges:
» High pressure/temperature

system
» Separation technology

Future Work:

« Emphasis on improving
separation technology to reduce
cost to $30/ton

» Sorbents, membranes, etc
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Oxyfuel Combustion

Coal+ O, =) CO,+H,O

Cheap Oxygen

Oxygen Membranes _ — — _ Advanced MOC*
eam , Reduce CO, Recycle
'j LA l\ | VZZ] Power _ Recyele_ Handle High Sulfur Con.
N 7’ /  Compressory, *Materials of Construction
95.99% O, N ! Advanced _
=" Compression
o ] r————% -
- L / :f Wet ‘| ,” \?amgen, SwRI
PC Boiler |\_| Bag Limestone >D »,CO
100,
L MoscR) T Fiter 01 Eep v ,
Coal L (IR VR S Ll RN T Z L0 -
S _7 ‘ IDFans < "7 72 Compression
Oxyfuel Boilers (15-2.20Psia

Compact Boiler Designs > Ash Co-Sequestration

Adv. Materials (USC) Multi-pollutant capture
Advanced Burners

Source: Dr. S. Vora, U.S. DOE/NETL 2012 Capture Technology Meeting
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Integrated Gasification Combined
Cycle (IGCC)

Particulate Gas
Removal Cleanup
Gasifier ‘ :

Particulates

Sulfur By product

Gaseous

Constituents Solid By-product
Air Separator Combustor
-~ — <
Petroleum ool-ca Compressed Air Gas
Biomass,
Waste, etc.

Turbine
Electric
Power

-

Heat Recovery
Steam Generator

m Steam
Y

Solid By-product Steam

Steam Turbine
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CO, Capture - Deployment Barriers for
New and Existing Coal Plants

1. Scale-up

= Current Post Combustion capture
~200 TPD

= 550 MWe power plant produces
13,000 TPD

2. Energy Penalty
= 20% to 30% less power output
3. Cost
= Increase Cost of Electricity by 80%

= Adds Capital Cost by $1,500 -
$2,000/kW

4. Regulatory framework
= Transport — pipeline network
= Storage

5. Economies of Scale

= Land, power, water use,
transportation, process

components, ... . —
Source: Dr. S. Vora, U.S. DOE/NETL 2012 Capture Technology Meeting
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Presenter
Presentation Notes
Capital Cost Increase is from Approx. $1,500/kW

Space limitations — 7-10 acres needed for current scrubbing
Major equipment modifications
Regeneration steam availability — can steam turbine operate at part load?
Sulfur — additional deep sulfur removal required for most CO2 sorbents 
Make-up power — satisfy need to maintain baseload output
Water availability
Local storage availability (saline formation, EOR)
Scheduling outages for CO2 retrofits
Post-retrofit dispatch implications due to increase in COE
Retrofit triggering New Source Review
Proposed legislation—How much to capture?

Deployment barriers for new and existing PC plants are similar in type to those to be encountered by the industrial sector.



CO, Capture - Deployment Barriers for
New and Existing Coal Plants

o %, U.S. DEPARTMENT OF O INATIONAL
@ eneray [l e

LABORATORY

Reduced Reduced Program
Cost Energy Penalty Activity
$100-+/tonne 30+% Penalty 180+ Projecis

N 8% (=)
U W U

~50% Reduction ~20% Penalty 15 Technologies
Tested at Pilot Scale

‘ Technologies Tested at Pilot Scale Pitps:/fwww.net.coe.govinode/8274
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CO, Capture - Deployment Barriers for
New and Existing Coal Plants

$*7%, U.S. DEPARTMENT OF O INATIONAL
@) ENERGY ¥-|$E*éﬁﬁaw

LABORATORY

DOE-FE/NETL Carbon Capture R&D Program

TECHNOLOGY AREAS

POST-COMBUSTION CAPTURE PRE-COMBUSTION CAPTURE
KEY TECHNOLOGIES

Solvents Sorbents Membranes Novel Goncepts

Applicable to vast majority of Applicable to gasification-based power
electricity generation globally generation or fuels/chemicals production

https://www.netl.doe.gov/node/8274
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DOE-NETL Projects

lon Engineering LLC

Minnkota Power

Membrane Technology (12854929) Boulder, CO ;
and Research, Inc. . Cooperative, Inc.
(12854825) Newark, CA o (12854447) Grand Forks, ND
Basin Electric Dry Miton R. Young
Fork Station, WY . Station Unit 2, ND
—_— Enchant Energy LLC
— Q (12854294) New York, NY
(N ~ San Juan Generating Statio
o () ' P o Bechtel National, Inc.
5 —  (12855067)Reston, VA
' Panda Power
i Funds, TX

Southern Company Services, Inc.

Electric Power Research _
Institute, Inc. / ;
(12854457) Palo Alto, CA T
———————— (12854859%) Birmingham, AL
/ . Plant Barry 6 &7 AL or
- Plant Daniels 3&4. MS

Elk Hills Power Plant, CA

Board of Trustees of the University

The University of Texas at
Austin of lllinois
(12855053) Austin, TX (12854248) %humpolgn _IL_

Golden Spread Electric
Cooperative Mustang, TX

Applicant Locations and Host Sites
———
BATTELLE
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Newer CO, Capture Technologies
being researched

* Post-combustion capture
= Calcium looping — provides own source of power hence efficient and least cost
= Membranes (alternative post-combustion capture solution)

= Advanced solvents (engineered enzymes)

* Pre-combustion capture

= Membranes

* Oxyfuel

= Allam Cycle — promises high efficiencies with lower costs with coal syngas;
NET Power testing natural-gas based version in TX.

= Pressurized oxyfuel (tested at small pilot scales)

* Chemical looping

Lockwood, 2017

I —
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Allam Cycle Capture

§ nET POWER HOME TECHNOLOGY NEWS CONTACT US

NETPOWER 25 MW
pilot in LaPorte, Texas
e - Natural Gas

e « Oxygen fired
Low;cost; truly clean energy ° Supercritical
=" « CO, Turbine
 Recuperative

— Skt

: '-.'.h|-‘. - = o = rﬁllhl;ll

. . . Pure Oxygen [
Air Separation Unit CO: & Water

Natural Water
Gas -
Combustor > Turbine . Cooling

|II|II

Heat Exchanger

Carbon Dioxide (COz)
The Allam Cycle BN st

https://www.netpower.com/technology/
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https://www.netpower.com/technology/
https://www.netpower.com/technology/
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Newer CO, Capture Technologies
being researched 4 MiEEE

A Power Plant in Iceland Has
Turned Its CO, Into Stone

CO, Mineralization in Basalt Flows

' p

Direct Air Capture and Air-to-Fuels™ technologies

CAPTLIRES
k| an tens o

REMOVES iy e, 3
dirpetly Trom ! e DERLOYABLE https://www.wired.com/2016/06/iceland-pumped-co2-underground/

the atmosphore VAT pligy

Direct Air Capture (DAC)

{———
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https://www.wired.com/2016/06/iceland-pumped-co2-underground/
https://www.oxy.com/News/Pages/Article.aspx?Article=6095.html

Newer CO, Capture Technologies
being researched

* Numerous technologies being tested at pilot or lab scale.

2019 PROCEEDINGS - ADDRESSING THE NATION'S ENERGY NEEDS THROUGH TECHNOLOGY INNOVATION — 2019 CARBON CAPTURE,
UTILIZATION, STORAGE, AND OIL AND GAS TECHNOLOGIES INTEGRATED REVIEW MEETING - CAPTURE AND UTILIZATION SESSIONS

N NATIONAL

TL TECHNOLOGY
LABORATORY

Capture and Utilization Sessions

« Banch-Scale Testing of Mext-Genarstion Holow-Fiber Modules (FEDI25422)
Shils Fu, American Ar Licuia Inc.
- Energy ESicent GU-PEEK Hybrd Membrane Proces: for Post Comby ‘ Oiuoide Capture (FEOTREE]
Shiguang Li, Gas Technology Instiue A " NE EcEA ~HT o
.+ Wowel Procass That Achiaves 10 MOUME Sarbant Swing Gapecky In 3 Ragidly Cycied Fressurs Suing Afsorqion Frocess (FEOIZ5433) CO; UTILIZATION - NE ESEARCH PROJECTS LIGHTNING ROUND

Ryan Lively, Georgia Instute of Technakogy

Cryogenc Carben Caplure Develupment (FEQG20657)

Larmy Badar. Sustainable Energy Sclutions

Unique Nanotechnology Converts Carbon Dioxide to Valuable Products (FE0031707)

+ Elacsmrhamicaily Madiaiad Amina Raganaration i GO, Scnubhing Froresses (FEOMGEASS] Bingyun Li and Trina Karolchik Wafle, West Virginia University
1. Alzn Hatton. Maszachusetts Insttule of Technokogy Novel Modular Electrocatalytic Processing for Simultaneous Conversion of Carbon Dioxide and Wet Shale Gas Into Valuable Products (FE0031709)
Rapid Degign avd Testing of Novel Gas-Liguid Contacting Devices fer Pesl-Combustion €0, Capture Via 0 Printing. Modular Adaptive Packing (FC0011530) Jason Trembly, Ohio University

Erk Maukeman, I0N Enginaanng LLC
An Intensified Electro-Catalytic Process for Production of Formic Acid (FE0031720)

Dewciopment and Bench Scale Testing of 2 Nowel Biphasic Soivert Enabied Ahsorphion Frocess for Fost Combushion Carbon Capture (FEO0E1500)
Yorgai Lu, University of lino l Urkena-Cliampagn Jesse Thompson, University of Kentucky Center for Applied Energy Research

« A Frocess with Decougied Abzorber Kinstics and Solvent Regeneration through Membrana Dewatering and In-Column Hest Transfer (FE0031604) : n o
Jamas Landan, Unwarsty of Kesucky CO: and Renewable Electricity into Chemicals: Formic Acid Preduction from Coal Flue Gas (FE0031706)

- Unwersal Selvent Viscosity Fesduction Via Hydrogen Bonding Disruplors (FED31629) Hongzhou Yang, Dioxide Materials Inc.
ez s LLE S — ~ Selective and Efficient Electrochemical Production of Neat Formic Acid from Carbon Dioxide Using Movel Platinum Group Metals-Free Catalysts (FE0031704)
an Apolat Gas Techecingy esime Syed Mubeen Jawahar Hussaini, The University of lowa

Mg Ssil-aoed Trarsfonmalionsl Subwent Technology for 00, Caphwe (FEODX1EST) . €O, lo Fuels Through Novel Electrochemical Catalysis (FE0031716)
Falia Jayaweers, SRI Infemationa’ jt : ly
o Sait-Assombly Isnpomus Wamora Zehua Pan, Colorado School of Mines
. Design of Transition-MetaliZeolite Catalysts for Direct Conversion of Coal-Derived Carbon Dioxide to Aromatics (FE0031719)

Snquang L1 Gas Tacrnoingy instrss Chris Jones, Georgia Institute of Technology
+ Flue tias fernzol Pretreatment Mhnimeze UG Sohem Losses (FEDU31552} Electrochemical Conversion of CO; from Coal into Fuels and Chemicals Using a Modified Pem Electrolyzer (FE0031712)

Devin Bustick, Linde Gas Horth America LLC Etosha Cave. Opus 12 Inc.
- Dawslopmeant of Carben Malscular Sives Holow Fiber Mambranss Based on Folybanzimidaznls Dioped wi Folyprotc Acids with Supsriar HoAC0: Saparation Fropsries (FEG1RIE) » O .

Haiging Lin Uneversaty at Eualn, SUNY Novel Process for CO, Conversion o Fuel (FEDD31714)
« Emigsions Mibgation Technology for Advanced Water-Lean Subenl-Based CO; Caplure Processes (FE0031660) Gokhan A‘Dtekln TDA Research Inc.

Jak Tanthans, Research Trange Insthute N N — . " .
Sustainable Conversion of Carbon Dioxide and Shale Gas to Green Acetic Acid Via a Thermochemical Cyclic Redox Scheme (FE0031703)

Hans Wima e Tech d e

« Danch-Scaie Cevelopment of @ Transtormatcnal Graphens Oxide-lased Membrane Process for Post- Combustion CO; Capture (FC0031580)

- Byngas Furficatinn 1Isng HIgh-Frassira CO.ROL Sohants wih Freseum Swing Reganaration (FNF-7T7564)
Frulip Koech, Pachc Norfest Nabonal Laboratary (FNNL) Fanxing Li, North Carolina State University

Synthetic Calcium Carbonate Production by Carbon Dioxide Mineralization of Industrial Waste Brines (FE0D31705)

Bu Wang, University of Wisconsin - Madison

A Scalable Process for Upcycling Carbon Dioxide and Coal Combustion Residues Into Construction Products (FEDD31718)

Gabriel Falzone, University of California - Los Angeles

Field-Scale Testing of the Thermocatalytic Ethylene Production Process Using Ethane and Actual Coal- Fired Flue Gas CO; (FE0031713)
Amit Goyal, Southern Research Institute

Beneficial Use of CO; from Coal-Fired Power Plants for Production of Animal Feeds (FED031717)

Tryg Lundquist, MicroBio Engineering

~ Novel Algae Technology to Utilize CC. for Value-Added Products (FED031710)

Fred Harrington, Helios-NRG LLC

-/
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Moving Forward

* Best capture technologies for
Maryland?

3 i {‘._ S

0O, transport
B o R

* Source-sink matching.

* Economic ranking of
technologies and sources.

* Feasibility, FEED studies.
* Policy support.

MIDWEST REGIONAL ", CO, storage |
CARBON SEQUESTRATION

PARTNERSHIP Provided by the Global CCS Institute SR
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