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Disclaimer

U.S. Department of Energy Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government, nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or assumes any liability or responsibility for the accuracy, completeness, or usefulness of
any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or senice by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendations, or favoring by the United States Government or any agency thereof. The views and the opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency thereof.

Battelle 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. Howewer, 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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GHG Life Cycle Background S e i 22

 Life cycle analysis accounts for all greenhouse
gas emissions generated for a process.

« Emissions expressed as CO, equivalent
(kg CO,e).

e 1 kg methane ~ 25 kg CO.,e

 Example: Crude oll transport, refining, fuel
transport, and combustion of fuel products from
1 barrel (160 L or 130 kg) of oil has ~470 kg
CO.,e emission factor.

* LCA helps understand the net benefit of carbon

capture and storage projects. US 2019 Total Emissions =
6,558 Million Metric tons CO, e

USEPA- Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2016.
https://www.epa.gov/ghgemissions/overview-greenhouse-gases
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CarbOn Storage GHG LCA Example: CO, GHG Emissions LCA

480,000,000 kg/yr Gas Processing Source

Emissions from construction, operations, materials

. : : Capture Compression Injection
Life Cycle Analysis Questions: +42,000,000 kg CO,elyear +18,000,000 kg CO.elyear +2,000,000 kg CO,elyear

 How much greenhouse gas
emissions were emitted through
Carbon Capture Utilization and

Storage operations?
CO, Storage

« capture, compression, pipeline transport, drilling, 480,000,000kg CO,elyear
injection, fugitive emissions, embodied emissions, A =y ?
land use, etc.

 How CO, much was left in the
ground?
« What is the net carbon balance?

Net Storage = 480,000 t/yr — 62,000 t/yr = 418,000 t/yr
418,000/480,000 t/year = 87%

____________________________________________________________________________________/
4 © 2022 Battelle. B"”‘E



MRCI CCS Scenario GHG Life Cycle Analysis

opjectives MRCI &<
1. Evaluate potential greenhouse gases generated

for CCUS facilities in the Midwest-NE U.S.

2. Account for CO,e emissions for carbon capture,
transport, and storage operations in relation to
volume of CO, stored underground.

3. Integrate MRCI specific factors on CO, sources,
geology, and geographic location.

Endproduct: Greenhouse gas life cycle guidance -
for developing CCUS in the MRCI region in terms of |
maximizing net CO, storage effectiveness.

5 © 2022 Battelle. B"”“E



Midwest Regional Carbon Initiative (MRCI)

* This work was supported through the Midwest Regional Carbon Initiative (DE-
FEO0031836), a US-DOE regional initiative to accelerate CCUS deployment in the
Midwestern and Northeastern US.

* Builds on more than 20 years of CCUS experience in the region.

U.S. DEPARTMENT OF

MRCl i !
Midwest Regional Carbon Initiative — H@g&%’#AL
TL TECHNOLOGY
www.midwestCCUS.org LABORATORY

. CO, Injection Site

© Characterization Site
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Midwest Regional Carbon Initiative  MRC]#€

Midwest Regional Carbon Initiative

MRCI Region At a Glance:

"%, U.5. DEPARTMENT OF
“Z/ENERGY

- 20 States NSlo = MRCIw
TLJiEsiiotoey

= 39% of U.S. Population cUsp ==

= 22% of US. Continental Land Area SEsalidzR

=45% of U.S. GDP

25+ CCS Projects in MRCI over past 20 years

= 38% of U.S. CO, Emissions

= 35% of CO, emissions in MRCI region
are from Electric Power Generation.*

(*based on 2018 USEA data)
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MRCI CCS Scenario GHG Life Cycle Analysis

* Greenhouse gas life cycle model applied for capture, compression, transport, and
Injection activities. Eight scenarios were evaluated:

e Natural Gas Power (192) e Direct Air Capture (0) e CO,-EOR(1)
e Petroleum refinery (21) e Cement Plant (32) e Fertilizer/Ammonia(7)

Source Type
[ Coalfired power plant
o B Natural gas power plant
C [ Metals
© v [ Cement
L J

° ° Midwest Regional Carbon Initiative ® [ Ethanol

[ Hydrogen

- Fertilizer

[ Petroleum Refinery

[ Natural Gas Ext./Processing
B Other

s Exiiasi (M)
>5.0

1_0:02@
100K to 1.0

3591.4 AllMRCH
37 Total: 870.6 Mt
19.0 \6:9

241

MRCI &~

west Regional Carbon Initistive
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MRCI CCS Scenario GHG Life Cycle Analysis

* A streamlined, energy & emissions based LCA
model* was applied for CCS operations that
may contribute to greenhouse gas emissions.

* The model includes general process level
capture parameters with more detailed
parameters for CO, compression, transport,
and injection.

* The model does not account for produce
materials (like cement or fertilizer or H,).

*Sminchak et al, 2020 https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b04540
Azzolina et al, 2016 https://doi.org/10.1016/}.ijggc.2016.06.008
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MRCI CCS Scenario GHG Life Cycle Analysis

Countin Source Size Emissions (metric
Source MRCI tons CO./yr)
_ Low 22,000
¢ Key Input: Ethanol Plant 108 Average 215,000
High 4,327,000
= source size (based on existing Natural Gas Power - AVLQ?;V - 152860880
sources in MRCI), Plant o 3500.000
Low 50,000
= energy for capture, DirectAir Capture | gzebased Average 200,000
) ) on literature) Hig h 500,000
= compression requwements, Low 80,000
_ _ _ Hydrogen Plant 16 Average 400,000
= pipeline transport distances, High 1,500,000
Low NA
- fugitive emissions. CO2-EOR 1 Average 94,954
High NA
Low 160,000
CementPlants 32 Average 760,000
High 3,250,000
Refineries 21 NA NA
. - Low 500,000
Ammonia/Fertilizer - Average 1.000.000
Plant : ’ ’

UL LLILE
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MRCI CCS Scenario GHG Life Cycle Analysis

* Results reflect net CO, stored versus emissions generated from capture,
ompression, transport, injection. Also, economies of scale.

* Sources that integrate capture and compression have highest net storage%.

GHG LCA Net CO, Storage
e Natural Gas Power Plant (71-76%

(accounting for displaced electricity)

e Direct Air Capture Plant (59-90%) e Hydrogen Plant (88-90%)

(depending on energy source for capture)

e Petroleum refinery (NA) e Cement Plant (90-91%)

(new facility)

e Fertilizer/Ammonia Plant (87-88% e CO2-EOR (59-66%)

(not including downstream combustion of fuel products)

1 2 3 4 5 6 7
Input Fields Ethanol Plant with CS Natural Gas Power Plant Direct Air Capture Hydrogen Plant Petroleum refiner Cement Plants Ammonia/Fertilizer
SEGMENT SUB-SEGMENT PARAMETER DESCRIPTION s LOWVAWE  AVG  HIGHVALE _LOW VALUE AV HIGH VALUE  LOW VALUE AV HIGH VALUE LW VALUE AV HIGH VALUE Low VALUE AV HIGH VALUE LW VALUE HIGH VALUE LW VALUE AV HIGH VALUE AV
Coptare | Captore plant 0 Enissions Routed 1o Gepture k& ooy 200000 215000,0001{ /432700500 5000000001 | LZ000000 50000000 | 200000000 | 500000000 | 80000000 | 400000000 | 1500000000 | 1000000000 | 3500000 150000000 | 760000000 | 3250000000 | 500000000 | 1000000000 | 150000000 | 71272000 | 133182000 | 168590000 | | S4shsis |
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Notes processing basin larger capture, no emissions for capture,  |CO2 byproduct of H2 generation

pipeline as cement plants are notaligned €02 byproduct of H2 generation

lemissons for compression with sedimentary basins

Output Results
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Learning from LCA of 22 years of CO,-EOR

* CO, EOR operations in N. Michigan in place since 1996,
where CO, EOR expanded to 10 reefs over 22 years. %

e 2.2 million metric tons net CO, In reefs thru 2018. MRCSP

MIDWEST REGIONAL

e 2.3 million barrels oil produced (294,326 metric tons). CARTN e IF
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Establishing Boundary Conditions

gj%

CO, EOR is part of a bigger hydrocarbon life cycle, including upstream, |[assss
gate to gate, and downstream components (i.e. “Cradle to Grave.”). I

/ UPSTREAM \ | GATE to GATE | -

: | Antrim e
w.. | Gas Wells| -

oy ' ¥ | . &l
"B 5\ - '“'i'lc*h,-, -
Oil/ICO2 separation,
Dehydration,
Compression
R

A | AI‘

NG

e e

DOWNSTREAM

Transport
Refining
POS Transport
Combustion

White Frost - -
» B0 Pipeline -

Niagaran Reefs
Injection-Production
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Gate-to-Gate Operations Data

* Direct measurements from system monitoring & operations entered into CO,
EOR LCA model (Azzolina, 2016). Operations trends reflect CO,-EOR cycles &
additional reefs. “Cradle to Grave” results show net negative CO, emissions of -
159,860 metric tons due to very large volume of CO, storage vs oil produced.

400,000 2,000,000

X Upstream
Lese:‘d | Gas U Capture  Gate to Gate Downstream Total CO2

d Eli;rr?cnyaj o a:ge ™ Emissions* total Total Associated Net CO2e

[ RecycleCO2 il LED (metric Ems.5|ons Emlfssmns St.orage Em.|55|ons
[ ] Pureco2 MRCSP L F 1600000 S Year tonnes) (metric tons) (Metric tons) (metric tonnes) (metric tonnes)
B EOR Of (metictons) | [ ASERY L o 1996 22,872 7.166 47 139,037 -108,952
300,000 RARINER CH I o 1997 14,142 10,511 60,767 97,026 -11,606
'g 1998 38,543 19,554 86,924 98,763 46,257
- a 1999 1,289 12,025 48,312 5,941 55,684
3 M 2 2000 2061 9,786 30,084 15,259 26,673
~ [~ 1:200,000 £ 2001 - 8,759 31,757 -12 40,529
8 q o - 8 2002 72 8,237 24,005 665 31,649
200,000 . | | © 2003 1,174 9,397 22,580 11,585 21,566
5 - © 2004 528 9,521 24,859 4,728 30,180
° o THIL T 2005 175 4,697 26,011 1,500 29,383
*:1_-5 [ |- 800,000 % 2006 19,916 13,308 27,620 87,763 -26,918
= ; 2007 5,574 10,042 47,732 14,079 49,269
5 2008 30,986 18,472 59,543 120,595 -11,594
% 2009 23,417 17,449 54,040 56,505 38,402
100,000 = @ 2010 32,682 18,740 47,226 154,237 -55,589
L 400,000 I'i 2011 36,195 24,530 57,638 166,463 -48,100
= 2012 35,879 26,342 59,147 159,857 -38,489
@ 2013 40,759 26,118 59,495 182,417 -56,045
L w 2014 32,740 26,908 66,357 144,313 -18,309
‘Ir 2015 34,280 27,971 91,614 148,202 5,664
n 2016 40,759 26,118 59,495 182,417 -56,045
0 - v II 'II"I'II"I'II"I"II"I'— 0 2017 64,433 38,495 91,614 298,010 -103,468

1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
*Chester 10 Fulel estimated 1996-2009 based on pure CO2 Total 478 476 374 147 1,076,867 2,089,350 -159,860
Chester 10 electrici timated 1996-2010 based on pure CO2

Dover 36 fuel usag imated 1996-2004 based on CO2 Recycle
Dover 36 electricity usage estimated 1996-2010 based on CO2 Recycle
Pure CO2 estimated for 1998-2011 based on mass balance

R EEEEEEE———,.
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Results- Total LCA results 1996-2017

MIDWEST REGIONAL Upstream Gate to Gate
A CO, Capture Plant Operations ~ (compression, EOR, & gas processing)
478,476 tonnes 374,147 tonnes
CO,e Generated COe Generated
aicll 2 AR

11

o

&)

Upstream
Gate to Gate  +374kt
Down Stream +1,077kt

Downstream
1,076,867
tonnes CO,e
Generated

+478kt

Total

Associated CO, Storage l
—2 089 350tonnes

el (11

CO, Stored
Net -160kt
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Conclusions: MRCI CCS GHG Life Cycle Analysis

* Greenhouse gas emissions life cycle analysis helps depict the net benefits of
carbon capture and storage.

* Results reflect net CO, stored versus emissions generated from capture,
compression, transport, injection. Also, economies of scale.

* There are many opportunities for CCS in the MRCI region. Sources that
Integrate capture and compression have highest net storage%.

* CCS LCA emissions are likely to change over time as operations are optimized
to reduce emissions.

U—
4]

energy:zfuels s

nnnnn proy " Anicke |

Large CO, Storage Volumes Result in Net Negative Emissions for
Greenhouse Gas Life Cycle Analysis Based on Records from 22 Years
of CO,-Enhanced Oil Recovery Operations

Joel R. Sminchak,* Sanjay Mawalkar, and Neeraj Gupta
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