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1.5 Net GHG from CCS [tCO2e/tCO2 captured] 0.2153  Not to be included because we

capture 90%

B.1.3 Pathway 3

Figure B.4 System boundaries of natural gas electricity generation at 82% by natural gas
combined cycle (NGCC) power generation

Table B-3 Performance parameters of CO2 supply from a NG-fired power plant with

CCS
No. Process Value Reference
1.1 CCS total energy penalty [ kWh/kWh (NG-CC)] 0.13 (H. J. Herzog, 2001; H. J. Herzog,
2011)
1.2 CCS electricity requirements [ kWh/tCO2 354 (H. J. Herzog, 2001; H. J. Herzog,
captured (NG-CC)] 2011)

1.3 Emission of CCS capture [ tCO2e/tCO2 captured] 0.235 (Frischknecht et al., 2007;
( w/o amine production, transport & injection) Koornneef et al., 2008; Odeh &

Cockerill, 2008)
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14 Solvent Production [t CO2e/tCO2 captured] 0.00525  (Frischknecht et al., 2007,
Koornneef et al., 2008; Odeh &

Cockerill, 2008)

1.5 Net GHG from CCS [t CO2e/t CO2 captured] 0.24 Not to be included because we

capture 90%

B.2.0 CO2 Transport parameters

Table B-4: Performance parameters CO2 transport and emissions profile CO2 EOR
storage location.

Process Value Reference
2.1 Energy intensity of pipeline transport [btu/ton-mi] 127 (Rhodes et al., 2015)
2.2 Pipeline distance [mi] 100 Assumed based on geographic
information.

Using the existing COz pipelines make more economic sense if capacity is not a
constraint. We agree that 100-mile radius seems to be restrictive, however our choice was
guided based on the information found in the literature that indicate the need for
additional CO; infrastructure. The literature has indicated that existing CO> pipelines
would not to support further expansion in EOR oil production and for that reason major
EOR regions such as, the Permian basin, Rockies, Mid-continent and the Gulf Coast
basin are planning to build additional dedicated CO> pipelines networks(Melzer, 2012;
NEORI, 2012; Tanner, 2010). Because this study considers the opportunity of increasing
the share of low carbon intensive oil production (CO2-EOR) as opposed to conventional
oil production, we think that it would be more reasonable to select a restrictive distance

(100-miles) versus using the distance of existing CO> pipelines. This choice would help
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to avoid the inclusion of impractical CO2 candidates, which could overestimate the
number of potential CO> candidates. For the pathways investigated under this restrictive
assumption, the results indicate that 1.25 million barrels of crude can be recovered per
day through the use of CO2-EOR, which more than 4 times current CO2-EOR oil
production. Therefore, we investigated different distance values using the FE/NETL CO»
transport model which considers capital as well as operational cost of CO2 transport
infrastructure. We highlighted this point in the limitation section and mentioned the
opportunity of increasing the distance parameter.

Nevertheless, reviewer’s comment was taking into consideration and the use of less
restrictive distance value has also been investigated. Results were shown in Figure B.5 to
illustrate the potential CO> candidates within 300 miles from EOR regions. With the 300
miles’ distance restriction, the number of CO» candidates increases to 88, 105, and 193
compared to 21, 22, and 33 with the 100 miles for pathways 1,2, and 3, respectively. We
noticed that most of those additional candidates were located in the Midwestern region,
where oil deposits are not significant, and therefore would not be able to use existing CO»

pipelines even if capacity is not an issue.
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Legend

Pathway 1: EtOH_within_300_miles
Pathway 2: PC_within_300_miles

Pathway 3: NG_within_300_miles
EOR oil basins

Figure B.5 Potential CO2 candidates within 300 miles from EOR oil basins

B.3.0 Crude recovery parameters

Table B-5: GHG of Enhanced oil recovery per barrel of recovered crude.

Process Value Reference
U.S Conventional oil recovery [g CO2/bbl.] 29911 GREET.2014
U.S Conventional transport process [g CO2/bbl.] 10889 GREET.2014
Additional energy for EOR [1.78 kWh/bbl] 1329.6  (Rhodes et al., 2015)
Total GHGs U.S EOR to Refinery (Recovery, EOR, and transport) 42129.6 Calculated

Table B-6 EOR technology parameters
Parameter

Reference

Remarks
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Energy for EOR [KkWh/bbl.] 1.78

(Middleton et al.,

2014b)

This includes energy needed for
CO; injection into EOR reservoir
and CO; recovery from recovered

crude.

Oil production rate [bbl./ tCO:2] 4

(ARI, 2010b; NETL,

2010a)

This value represents historical
EOR practices and can be adjusted
based on EOR reservoir specific

characteristics.

Sequestered CO:z [tCO2/ bbl.] 0.26-

Calculated from oil

Depending to oil basin (see Table

1.13 production rate 7)
CO2 sequestration rate 0.991 (Middleton et al.,
2014b)

Table B-7 Crude recovery rates from major oil basins in the lower 48 sates of the U.S.

Region Annual bbl. TCO: BBL/tCO:

produced via  injected per

TCO2/bbl Reference

CO:2 EOR year
Permian Basin 67890000 32802597.4 2.07 0.48 (NETL, 2014b)
Gulf Coast 15695000 17728571.43 0.89 1.13 (NETL, 2014b)
Rockies 13140000 4645454.545 2.83 0.35 (NETL, 2014b)
Mid-Continent 6205000 1611688.312 3.85 0.26 (NETL, 2014b)
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California NA NA 2.5 0.4 (Middleton et al.,

2014b)

Table B-8 Operational parameters for EOR from the literature

CO,-EOR Operational Scenario Historical Curren! Best High C.O%.
Practices Scenario

CO, injection duration (single pattern, 7 25 36
years)
Volume of CO, injected as a percent of the
hydrocarbon pore volume in the target 04 1.0 1.5
formation”
Oil recovery as a percent of original oil in o o o
place (OOIP) 12% 17% 21%
Percent of injected CO, recycled® 60% 71% 78%
CO, stored per barrel of oil produced (kg
CO,/bbl oil)° 200 230 210
GHG emissions per barrel of oil produced
(kg COe/bbl oil)° 51 71 95

@ Assumes (1) improved technologies that enable more efficient contact between CO, and residual oil and (2)
policy incentives for sequestering CO,

® Hydrocarbon pore volume (HCPV) is the pore volume in a reservoir initially filled with oil, and is often used to
describe in-formation fluid volumes and discuss normalized performance between reservoirs. HCPV is
calculated as ZA*h*@*(1-Swi) where: A = surface area (40 acres), h = pay thickness (76 ft.), ¢ = porosity
(0.11), and Swi = initial oil saturation as fraction (0.8)

¢ Values are average over the duration of the flood.

Results derived from single injection well modeling of a 40 acre 5-spot tapered WAG injection in a typical
formation in the Permian basin, using the CO, Prophet model.

Source: (NETL, 2010a)

B.4.0 GHG life cycle emissions for electricity

The energy requirement for CO; transport via pipeline, and injection in the EOR assumed
to be supplied by regional NERC entities in all scenarios. The life cycle GHG emissions
of each entity are provided in Table B-9. The U.S. electrical grid is regulated by the
North American Electric Reliability Corporation (NERC), which insures the reliability of
bulk power systems in the United States, Canada, and the northern part of Baja

California, Mexico (NERC, 2014). The NERC delegates its authority to eight regional
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electric reliability entities that cover the 48 contiguous states and the District of
Columbia. Each regional entity is accountable for compliance with NERC regulations
and standards as well as distribution of electricity in areas under the entity’s jurisdiction.
Table B-9 shows the eight regional players, distribution of electricity sources and CO2e
per kWh of electricity distributed for end users.

1. Florida Reliability Coordinating Council

2. Midwest Reliability Organization (MRO)

3. Northeast Power Coordinating Council (NPCC)

4. Reliability First (RF)

5. Southwest Power Pool, RE (SPP)

6. Texas Reliability Entity (TRE)
Table B-9 shows the eight regional players, distribution of electricity sources from coal

and CO2e per kWh of electricity distributed for end users.

Table B-9 NERC regional entities profile and their LCA GHG emissions

Regional NERC entity Population Geography LCA GHG (%)

served (g CO2/ kWh) Electricity
from coal

Florida Reliability Over 16 About 50,000 square miles over 628.8 0.24381

Coordinating Council million peninsular Florida.

(FRCC)

Midwest Reliability Over 20 Covers roughly one million square 747 0.64302

Organization (MRO) million miles spanning the provinces of

Saskatchewan and Manitoba, and all or
parts of the states of Illinois, lowa,

Minnesota, Michigan, Montana,
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Nebraska, North Dakota, South Dakota

and Wisconsin.

Northeast Power About 35 State of New England, New york, and 329.8 0.04269
Coordinating Council million Maritimes area.
(NPCC)
NPCC New York About 19.4 State of New York
million
NPCC- New England About 14 New England
million
NPCC- Maritimes About 1.9 New Brunswick and Nova Scotia
million
NPCC-Ontario ~ 13 million Province of Ontario
NPCC- Québec About 8million | Province of Québec
Reliability First (RF) About 61 All or parts of Delaware, Illinois, 705.8 0.54487
million Indiana, Kentucky, Maryland,
Michigan, New Jersey, North Carolina,
Ohio, Pennsylvania, Tennessee,
Virginia, West Virginia, and the
District of Columbia.
Southwest Power Pool, About 15 all or parts of Arkansas, Kansas, 625.25 0.43394
RE (SPP) million Louisiana, Mississippi, Missouri, New
Mexico, Oklahoma, and Texas and the
entire state of Nebraska covering
370,000 square miles.
Texas Reliability Entity | About 23 State of Texas 662.5 0.3735
(TRE) million
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Western Electricity
Coordinating Council

(WECC)

Approximately
81 million

people

Serving an area of nearly 1.8 million
square miles It extends from Canada to
Mexico. It includes the provinces of
Alberta and British Columbia in
Canada, the northern portion

of Baja California in Mexico, and all
or portions of the 14 Western states in

between.

489.5

0.27323

SERC Reliability

Corporation (SERC)

About 39.4

million

All or portions of Alabama, Florida,
Georgia, lowa, Kentucky, Mississippi,
Missouri, North Carolina, Oklahoma,
South Carolina, Tennessee, and
Virginia. Covers an approximate arca

0f 308,900 square miles

664.4

0.46113

US Electricity Grid Mix

About 330

628

0.41471

Source: (NERC, 2014; UChicago Argonne, 2014)

B.5.0 Co-product sensitivity impacts

In our model, we assumed that “like displaces like,” i.e., that the two co-products, ethanol

and electricity, would displace the production of corn ethanol and electricity from coal.

However, the choice of different substitutes for ethanol and electricity based on the

purpose that co-product serves can be argued. For example, the co-product, in pathway 2,

supplies additional electricity to power grid mix and therefore it may be argued that it

should not assumed to displace electricity from coal which would yield greater

displacement credit. The same argument also applies to pathway 1, where ethanol is

mostly used as a blending agent in gasoline. Thus, we chose to explore different

substitutes for corn ethanol and electricity from coal, where we assumed that ethanol and
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electricity would displace gasoline blend stock (~ 55% less LCA GHG emissions than
corn ethanol) and U.S. electricity grid mix (~ 70% less LCA GHG emissions than

electricity from coal), respectively.

Table B-10 Displaced co-products in each pathway

Pathway Product Co-product Displaced products GHG

displacement

Value [g COz-¢]

1: EtOH-CCS- ) 88 gallons Ethanol production -436655
Recovered oil

EOR Ethanol fuel (Like-displaces-like)

1: EtOH-CCS- 88 gallons Gasoline blend stock -235997
Recovered oil

EOR Ethanol fuel (Alternative-substitute)

1: EtOH-CCS- 88 gallons Cellulosic ethanol -0.077
Recovered oil

EOR Ethanol fuel (Alternative-substitute)

2: PC-CCS- ) Regional electricity -224473
Recovered oil 279 kWh Electricity ) ) )

EOR (Like-displaces-like)

2: PC-CCS- ) ) U.S. electricity grid mix  -208483
Recovered oil 279 kWh Electricity

EOR (Alternative-substitute)

NOTE: Note: We assumed that 0.25-ton CO2 would recover one bbl. of crude via EOR as an example.

B.6.0 Sensitivity Analysis of the Results
Based on the COz recovery rates in each region we estimated the potential recoverable

barrels of oil per year from the pathways considered.
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Figure B.6 The recoverable barrels of oil with respect to CO2 supply from sources and
crude recover rates in each oil basin

As seen in Figure B.6, pathway 2 was the major supplier for CO2 compared to the other

two pathways. However, the LCA results have shown that pathway 2 was not the most

favorable carbon intensive option. Figure B.7 illustrates pathways in an ascending order

based on the CI of a barrel of crude recovered via CO2-EOR. Figures B.8-B.11 illustrate

the share of GHG emissions from various system processes in the form of tons of CO>

equivalent per a barrel of crude produced and consumed.
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Figure B.7 Ranking of pathways in major EOR fields
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Figure B.9 Share of GHG emissions from different system processes in pathway 2




126

B.6.3 Pathway 3
Pathway 3
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Figure B.10 Share of GHG emissions from different system processes in pathway 3
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B.7.0 Details on the methodology used for game-theory assessment

Table B-11 Description of each game and parameters for calculating payoffs

$16 for ethanol and
$51 for coal based on
future CCS
technologies.

Carbon credit is $10

for coal power plants.

=) =
E % C1 = COz capture C2=CO2 regulation C3;= CO price to EOR
g | g
@ o
CO, emitters No carbon cap e EOR operator offset
responsible for any regulatory limit on some of the CCS cost
cost associated with industries. by purchasing CO>
CCS from emitters.
1
Carbon credit is $10
ks $22.7 for ethanol and for coal power plants. | ¢  The price is assumed
ED $66.2 for coal based to be $28 per metric
e on current CCS ton of COs». [at $60 oil
"é technologies. price per bbl]
o CO; emitters No carbon cap e EOR operator offset
8 responsible for any regulatory limit on some of the CCS cost
2 cost associated with industries. by purchasing CO>
< CCS from emitters.
8 2
& Carbon credit is $10
= $22.7 for ethanol and for coal power plants. | ¢  The price is assumed
g $66.2 for coal based to be $52 per metric
?o on current CCS ton of CO2. [at $110
g technologies. oil price per bbl]
6 CO; emitters No carbon cap e EOR operator offset
= responsible for any regulatory limit on some of the CCS cost
'% cost associated with industries. by purchasing CO»
= CCS. from emitters.
g 3
E Carbon credit is $10
g $16 for ethanol and for coal power plants. | ¢  The price is assumed
° $51 for coal based on to be $28 per metric
S future CCS ton of CO». [at $60 oil
2 technologies. price per bbl]
% CO; emitters No carbon cap e EOR operator offset
o responsible for any regulatory limit on some of the CCS cost
& cost associated with industries. by purchasing CO»
— CCS. from emitters.
4

e The price is assumed
to be $52 per metric
ton of CO2. [at $110
oil price per bbl]
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No carbon Tax. Change in current regulation by increasing credit to $30. Changes in oil prices and CCS

2.

technologies

CO; emitters
responsible for any
cost associated with
CCS.

$22.7 for ethanol and

No carbon cap
regulatory limit on
industries.

Carbon credit is $30

for coal power plants.

EOR operator offset
some of the CCS cost
by purchasing CO»
from emitters.

The price is assumed

$66.2 for coal based to be $28 per metric
on current CCS ton of COs». [at $60 oil
technologies. price per bbl]
CO, emitters No carbon cap EOR operator offset
responsible for any regulatory limit on some of the CCS cost
cost associated with industries. by purchasing CO»
CCS. from emitters.

Carbon credit is $30

$22.7 for ethanol and

for coal power plants.

The price is assumed

$66.2 for coal based to be $52 per metric
on current CCS ton of CO2. [at $110
technologies. oil price per bbl]

CO; emitters No carbon cap EOR operator offset
responsible for any regulatory limit on some of the CCS cost
cost associated with industries. by purchasing CO»

CCS.

Carbon credit is $30

from emitters.

$16 for ethanol and for coal power plants. The price is assumed
$51 for coal based on to be $28 per metric
future CCS ton of COx». [at $60 oil
technologies. price per bbl]

CO; emitters No carbon cap EOR operator offset
responsible for any regulatory limit on some of the CCS cost
cost associated with industries. by purchasing CO>

CCS.

$16 for ethanol and
$51 for coal based on
future CCS
technologies.

Carbon credit is $30

for coal power plants.

from emitters.

The price is assumed
to be $52 per metric
ton of CO2. [at $110
oil price per bbl]
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$20 carbon Tax. Change in current regulation by increasing credit to $30. Changes in oil prices and CCS technologies

3.

9 CO; emitters Carbon cap on EOR operator offset
responsible for any industrial some of the CCS cost
cost associated with anthropogenic CO, by purchasing CO»
CCS. emitters. from emitters.
$22.7 for ethanol and $ 20 carbon tax per The price is assumed
$66.2 for coal based metric ton CO2 to be $28 per metric
on current CCS emitted. ton of COs». [at $60 oil
technologies. price per bbl]

Carbon credit is $30
for coal power plants.

10 CO; emitters Carbon cap on EOR operator offset
responsible for any industrial some of the CCS cost
cost associated with anthropogenic CO, by purchasing CO»
CCS. emitters. from emitters.
$22.7 for ethanol and $ 20 carbon tax per The price is assumed
$66.2 for coal based metric ton CO2 to be $52 per metric
on current CCS emitted. ton of CO2. [at $110
technologies. oil price per bbl]

Carbon credit is $30
for coal power plants.

11 CO; emitters Carbon cap on EOR operator offset
responsible for any industrial some of the CCS cost
cost associated with anthropogenic CO, by purchasing CO>
CCS. emitters. from emitters.
$16 for ethanol and $ 20 carbon tax per The price is assumed
$51 for coal based on metric ton CO2 to be $28 per metric
future CCS emitted. ton of COs». [at $60 oil
technologies. price per bbl]

Carbon credit is $30
for coal power plants.

12 CO; emitters Carbon cap on EOR operator offset
responsible for any industrial some of the CCS cost
cost associated with anthropogenic CO, by purchasing CO>

CCS.

$16 for ethanol and
$51 for coal based on
future CCS
technologies.

emitters.

$ 20 carbon tax per
metric ton CO2
emitted.

Carbon credit is $30

for coal power plants.

from emitters.

The price is assumed
to be $52 per metric
ton of CO2. [at $110
oil price per bbl]
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