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Abstract
Geological carbon storage has a critical role to play for the US to accomplish carbon neutrality by 2050.
In this work, previous studies of geological carbon storage are reviewed, redefined, and evaluated to
focus on providing proper candidate storage sites in the Southern San Joaquin Basin. This study clarifies
not only the CO2 capture and storage opportunity but also the potential economic benefit. A three-stage
selection method is applied to a catalog of saline formations and hydrocarbon fields to qualify sites for
additional in-depth study. The three stages consist of screening using geological criteria, defining exclusion
zones, and qualifying sites (Callas and Benson, 2020; Kim et al., 2022). Exclusion zones define potentially
unacceptable storage sites based on seismic risk, surface environment such as sensitive habitats, social, and
economic aspects. Nine saline formations and 133 hydrocarbon fields were examined. The exclusion zones
including faulted, seismically active, large population density, restricted lands, and sensitive habitats, were
subtracted from hydrocarbon fields and saline formations. This process resulted in qualified sites. Finally,
qualified sites were prioritized using a scoring system. The estimated CO2 storage resource in the qualified
saline formations ranged from 16.6 to 52 GtCO2 whereas the estimated CO2 storage resource in hydrocarbon
fields ranged from 0.45 - 1.15 GtCO2. Among hydrocarbon fields, 15 CO2-EOR candidate fields with storage
resources of 0.36 – 0.88 GtCO2 are located in Kern County. Considering the scoring system, a total of 41
storage sites including 7 hydrocarbon fields were defined as target CO2 storage sites. The opportunities for
41 CO2 storage sites in and around Kern County were linked to selected large CO2 emitters in Southern
California including Imperial, Kern, Los Angeles, Orange, San Bernardino, Santa Barbara, San Luis Obispo,
and Ventura Counties. Finally, the prospective storage sites and emitters were analyzed technoeconomically
using SimCCS to find optimal conditions to deploy CCS projects. Regional GHG emissions from oil and gas
facilities such as EOR steam generators and CHPs can be captured and stored economically in geological
formations as a result of LCFS and 45Q credits. The sensitivity of 45Q credit value and covered period are
critical factors to incentivize CCS deployment. The deployment scenarios evaluated using SimCCS teach
that the Southern San Joaquin basin is an excellent potential regional carbon storage hub.
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Introduction
California's total annual greenhouse gas (GHG) emissions in 2019 were about 418.2 million tonnes (Mt)
of CO2 equivalent (MtCO2e) that was 6.4 % of the US total emissions of 6,558 MtCO2e (CARB, 2021a,
U.S. EPA, 2021a). Reductions in GHG emission are approached using many technical scenarios including
improvement of efficiency, deployment of renewables, and carbon capture utilization and storage (CCUS)
(IEA, 2019). As a result, GHG emissions from the power sector in California have decreased from 120
MtCO2 to 60 MtCO2 between 2000 and 2019. Additionally, emissions from the industrial sector also
decreased to about 90 MtCO2 in that period (CARB, 2021a).

Industrial sectors generally consist of large GHG emitters including refineries, cement manufacturers,
hydrogen facilities, cogeneration systems, oil & gas production facilities, and other industrial facilities. To
accelerate reduction of GHG emissions, CCUS technology may be deployed and applied for both industrial
and power sectors. Previous studies pointed out that capturable emissions of about 58 MtCO2e/y from these
sectors in California can be stored economically within geological formations as a result of the 45Q tax
credit or LCFS credit (EFI and Stanford, 2020; Kim et al., 2022).

Among industrial sites, some GHG emissions from oil and gas production facilities in California originate
from thermal enhanced oil recovery (TEOR) operations including steam flooding and cyclic steam injection.
These operations are mainly located in Kern County. For example, the total number of steam injection
wells in 2021 in Kern County was 18037 among 18462 steam injection wells in total in California (CA
DOC, 2021a). TEOR uses steam generated from natural gas in once through steam generators (OTSG) or
in cogeneration units with a heat recovery steam generator. Cogeneration is a form of combined heat and
power (CHP) that produces electricity and thermal energy such as hot water or steam. Throughout, we use
the term CHP because that is how the eGRID database (U.S. EPA, 2021d) tabulates information. In general,
the emissions from individual oil and gas production facilities is relatively small in comparison to other
industrial emitters. The aggregate emissions, however, from oil and gas facilities are appreciable because
there are around 11 active thermal EOR fields near Kern County. The annual GHG gas emissions within
Kern County were around 12.3 MtCO2 as averaged over 2018 and 2019 (CARB, 2021b). This value is 90
% of the total GHG emissions from oil and gas production operations in California.

Previous studies of CO2 storage resource in California suggested oil and gas fields as well as saline
formations as potential geological carbon storage sites (Downey and Clinkenbeard, 2011; USGS, 2013;
NETL, 2015a, b; Teletzke et al., 2018; Baker et al., 2020). The CO2 storage estimate in oil, gas, and
underground gas storage sites (UGS) ranged from 3.6 to 6.6 giga tonnes (Gt) of CO2 (GtCO2) (NETL,
2015a). Recently, a revised CO2 storage estimate in hydrocarbon fields ranged from 1 to 2 GtCO2 for 61
fields (Kim et al., 2022). Revisions were obtained by applying a three-stage screening procedure to consider
selection of qualified sites, development of exclusion zones, and identification of potential storage sites.
Following screening, a scoring system was applied to prioritize 14 fields with storage resource size above
20 MtCO2 in California (Kim et al., 2022).

Additionally, saline formations showed greater total storage potential than oil & gas fields (USGS, 2013;
NETL, 2015a, b; Baker et al., 2020). In particular, the mean CO2 saline formation storage estimates from
USGS (2013) and NATCARB (NETL, 2015a) are 90.5 GtCO2 and 147.6 GtCO2, respectively. In addition, a
recent study re-examining saline formations suggested the mean storage is at least 69.1 GtCO2 in California
(EFI and Stanford, 2020). Baker et al. (2020) evaluated selected saline formations and hydrocarbon fields
for geological carbon storage in the Sacramento and southern San Joaquin basins. The estimated CO2 storage
resources for only 4 formations in the southern San Joaquin basins ranged from 14.1 to 56.4 GtCO2.

The federal section 45Q tax credit and California low carbon fuel standard (LCFS) credits are intended
to incentivize deployment of carbon capture and storage (CARB, 2018; US EPA, 2016). The captured CO2

from certain industrial facilities, power plants or direct air capture projects that meet criteria such as captured
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amount per year (industrial emitter: 0.1 MtCO2/y, powerplant: 0.5 MtCO2/y) and a 12-year project duration
are eligible for the 45Q tax credit. The maximum credit will be increased to $50/t and $35/t for saline
formations and CO2-EOR fields, respectively, in 2026. Thereafter, the credit will be inflation adjusted.
In 2022, the 45Q credit for saline formations and CO2-EOR fields is $37.85/t and $25.15/t, respectively
(Dansfar et al., 2021).

In 2018, the LCFS was amended to enable CCS projects that reduce emissions associated with the
production of transport fuels sold in California and projects that directly capture CO2 from the air. The
common requirement of 45Q and LCFS is that both credits require secure permanent storage and employ
detailed and extensive monitoring plans. LCFS has no limitation on project storage size and project duration,
but the LCFS credit is volatile and uncertain because it is market-based.

Evaluating CCS opportunities for economic success is complex given the above. SimCCS is a
technoeconomic tool to determine the least-cost infrastructure needed to support CCS operations, subject
to various constraints and objectives (Middleton et al., 2020). It was developed to optimize CO2 capture,
pipeline transport, and geologic storage. SimCCS has been used to determine and optimize the cost of CCS
projects under different scenarios (Bielicki et al., 2018; Hoover et al., 2020; Dansfar et al., 2021). It is the
primary tool employed in this paper.

Specifically, oil and gas steam generation facilities as well as other CO2 emitters were screened and
identified in the vicinity of Kern County. Previous studies of geological carbon storage resource were
reviewed and reevaluated using a 3-stage procedure and scoring system to put a focus on providing target
candidate storage sites in the southern San Joaquin Basin. The CO2 capture cost was estimated to provide
reasonable input for technoeconomic analysis. Then, SimCCS was applied to evaluate various scenarios to
optimize CO2 storage under different geological conditions and tax credit parameters. Finally, this study
clarified not only the CO2 capture and storage opportunity but also the potential economic benefit for CCS
deployment in Southern California including Imperial, Kern, Los Angeles, Orange, San Bernardino, Santa
Barbara, San Luis Obispo, and Ventura Counties.

Method
This section presents our methods for the identification of steam generators (SG) and CHP that might be
suitable for capture along with estimates of GHG emissions and the capture cost for these GHG emissions
in the Kern County region. Site evaluation and ranking follows our 3-stage procedure and scoring system
(Kim et al., 2022). In addition, a technoeconomic analysis with various scenarios is explored using SimCCS
(Middleton et al., 2020).

Site identification
Generally, the California Air Resource Board (CARB) Database (CARB, 2021b) and EPA Flight system
(U.S. EPA, 2020a, 2021b) provide reported GHG emissions and global positioning system (GPS)
information on oil and gas production facilities as well as natural gas transmission facilities. Typically,
companies only report the sum of the GHG emissions for their facilities because GHG emissions of
individual equipment, for example a natural gas fired steam generator at a particular site, are relatively small.
Separately, CARB maintains a list of oil & gas facilities and locations, but no GHG emissions data for each
site. In addition, the California Department of Conservation (CA DOC) provides GPS information for all
kinds of energy infrastructure without the GHG emissions (CA DOC, 2021b). On the other hand, emissions
from CHP systems are well reported through the EPA eGRID Database (U.S. EPA, 2020b, 2021c). So,
emissions from CHP were cross-checked with EPA Flight and CARB Database. The detailed identification
procedure is shown in Figure 1.
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4 SPE-209340-MS

Figure 1—The selection procedures for (a) steam generation and (b) combined heat and power systems.

Regarding steam generators, both CARB and CA DOC databases were used to identify the location
and number of SG at oil fields using Google Earth. Sites with annual emissions of 0.025 MtCO2 larger
were selected for this study. Estimation of GHG emissions is explained in the next section whereas the
geographical distribution of SG is shown in Results.

Among 1695 CHP systems, industrial and independent CHP were first selected. The electricity allocation
factor (EAF) was calculated as the ratio of electricity heat output upon the sum of the electricity and steam
heat outputs (U.S. EPA, 2021d). Second, we chose CHP with EAF less than 1 to obtain facilities producing
steam or hot water. Third, CHP facilities that provided steam to oil and gas production were selected in the
target region. Finally, these LCFS applicable CHP sites with emissions of 0.025 MtCO2 per year or greater
and active CHP (at least 0.05 capacity operation factor) remained. The capacity operation factor or capacity
factor is defined as the ratio of actual annual generation to the maximum annual generation rate for CHP
(US EPA, 2021d).

Estimation of GHG emissions
The GHG emissions, mainly CO2, of selected CHP was obtained from the EPA eGRID database (U.S. EPA,
2020b, 2021c). In the plant section of the database, there are unadjusted GHG emissions and adjusted GHG
emissions depending on the consideration of heat recovery for steam generation. The unadjusted GHG
emissions represents the total GHG emissions of a CHP facility. The adjusted GHG emissions represent the
unadjusted after subtraction of the emissions for heat production. So, the ratio of adjusted and unadjusted
emissions was also defined as the effective electricity allocation factor (EAF).

The GHG emission for natural gas fired steam generation was estimated at each site. The total steam
amounts for each field by company were found in the CA DOC, WellSTAR Data dashboard (CA DOC,
2021a). We assumed the pressure and temperature of steam to be 450 psi (3.1 MPa) and 220 °C, respectively
(Kim and Kovscek, 2017). The efficiency of SG was assumed to be 80 %. Then, the total energy as steam and
GHG emissions (GHGsteam-injection) from the amount of injected steam were estimated location by location.
The GHG emissions were related to steam with a conversion factor of 0.0584 tCO2/MMBTU. This factor
includes emissions associated with the delivery of natural gas including compression (U.S. EPA, 2009). The
factor considering only fuel combustion is 0.053 tCO2/MMBTU.

The CHPs units were identified and the emissions due to steam generation for EOR were computed
because these emissions are LCFS eligible. Also, the GHG emissions (GHGsteam-CHP) associated with steam
production by CHP was subtracted from the total GHG emission (GHGsteam-injection) to get the GHG emission
(GHGSG) of SG for each company in each field. Finally, the unit emission per SG (GHGunit-SG) in a field was
calculated to obtain the total GHG emissions at a field site. There were additional CO2 emitters in the target
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SPE-209340-MS 5

area and Southern California. The GHG emissions of these sites were obtained from the CARB and EPA
Flight (2018, 2019) databases as shown in the Appendix.

Capture cost for steam generation and CHP
Previous studies were consulted for GHG capture cost estimates for California (EFI and Stanford, 2020)
and the US as a whole (Abramson et al., 2020; Pilorgé, et al., 2020). The capture cost for industrial facilities
in California ranged from $58/t to $131/t (EFI and Stanford, 2020) whereas the capture cost for the U.S was
reported as $36/t to $75/t (Abramson et al., 2020). It is assumed that the carbon capture facility is an amine-
based solvent unit. In particular, the capture cost for a natural gas powerplant that is a similar application to
CHP ranged from $53/t to $63/t at the national level (Abramson et al., 2020). The difference in capture cost
for CO2 emitters in California was considered related to specific conditions of operation and maintenance.

Unit capture cost is expressed in Eq. (1). The total capture cost (Capturetotal cost) consists of capital expenses
(CAPEX), operating costs (Cop), and energy costs (CE). A 20-year lifetime was assumed. The detailed
parameters to calculate capture cost are shown in the Appendix (Table S-4).

(1)

The capital expense (CAPEX) included the capture unit and engineering fee. The payment period of
CAPEX was taken as 2 years. The operating costs were calculated at 5 % of CAPEX for both CHP and SG.
The operating expense includes labor, tax, materials, and insurance (EFI and Stanford, 2020). The energy
cost (CE) considers both electricity and natural gas expenses. The electricity cost and natural gas cost are
$50/MWh and $3.5/MMBTU, respectively (NPC, 2019). Regarding the capture cost of CHP, there were
three cases depending on CAPEX and energy costs. The base case was estimated using the average CAPEX
from a previous study (EFI and Stanford, 2020). The capture cost of SG assumed identical parameters as
CHP except CAPEX and gas consumption. Based on the capacity of the steam generator, 50, 62.5, and 85
MMBTU, the retrofit CAPEX costs were determined as $7M, $8.1 M, and $10M, respectively. The detailed
parameters for each case are in the Appendix.

Screening of potential CO2 storage sites
Both hydrocarbon fields and saline formations were considered as CO2 storage sites. The estimated CO2

storage resources for both types of geological formation were screened and evaluated using data from
previous studies (Downey and Clinkenbeard, 2006, 2010; USGS, 2013; NETL, 2015b; Baker et al., 2020).
In particular, the CO2 storage resource for hydrocarbon fields used the result of NATCARB (2015b).
Significantly, a three-stage evaluation procedure (Callas and Benson, 2020; EFI and Stanford, 2020; Kim
et al., 2022) was used to screen potential CO2 storage sites.

In the 1st stage, geological properties were applied to select qualified sites from the result of previous
studies. Table 1 shows the qualifying thresholds based on geological properties. A detailed description
and discussion of storage optimization parameters is given in a previous study (Kim et al., 2022). For
example, a total storage resource greater than 3 MtCO2 (high resource estimate) per field was chosen
for long-term projects to accommodate a 0.1 MtCO2/year injection rate and 30 years of injection. Other
parameters except reservoir thickness are identical with the previous study (Kim et al., 2022). In the current
study, the minimum reservoir thickness, 10 m, is identical to another study (Ramirez et al., 2010). As risk
minimization parameters, both salinity and top seal thickness were only applied to saline formations. The
top seal thickness of hydrocarbon formations was not found in public databases; however, a hydrocarbon
accumulation indicates the presence of a seal, in most cases. The water in hydrocarbon reservoirs is typically
not suitable to use for drinking or for agricultural purposes without significant treatment; hence, all water
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6 SPE-209340-MS

in oil reservoirs is assumed to be unsuitable for these purposes. Additionally, offshore sites were eliminated
because they are not eligible for the LCFS credit.

Table 1—Qualifying thresholds for storage sites (Callas and Benson, 2020; Kim et al., 2022)

In the 2nd stage, the exclusion zones were developed with four different categories as detailed in Table
2 (Kim et al., 2022). Risk categories include quaternary faults and seismically active regions. A 2 km-
wide buffer zone was applied on each side (total 4 km width) of each quaternary fault. The buffer zone
of seismicity were assigned depending on the magnitude (M) of historical earthquakes. A 10 km diameter
was used for magnitude greater than 5 whereas a 5 km diameter buffer zone was used for magnitude less
than 5. Active hydrocarbon fields consider exclusion zones as well. These fields are assumed to be mainly
used as CO2-EOR operation when CO2 injection is deployed. Both non-active hydrocarbon fields and saline
formation considered all categories including risk, population density, restricted lands, and sensitive zone/
habitats as total exclusion zones.

Table 2—Exclusion zone definitions with data sources (EFI and Stanford, 2020; Kim et al., 2022).

In the 3rd stage, the exclusion zones were subtracted from the identified hydrocarbon fields or saline
formations from the 1st stage to obtain available storage sites. The fraction of available storage area of each
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SPE-209340-MS 7

original site (1st stage) was multiplied by the CO2 storage resource estimate from previous studies. In this
way, new CO2 storage resource estimates were computed. These potential CO2 storage sites were prioritized
with a scoring system as described next.

Scoring system for potential CO2 storage sites
A scoring system was used to prioritize the selection of CO2 storage sites for SimCCS analysis. The system
is similar to previous studies (Callas and Benson, 2020; Kim et al., 2022). Table 3 shows 12 parameters
to be scored for both hydrocarbon fields and saline formation. Each parameter is scored from 1 (worst) to
5 (best) score. The scores describing porosity, reservoir thickness, and storage capacity increase as these
parameters become greater. Permeability and depth to top of formation were chosen as optimal as shown
in Table 4. We chose the permeability range of 100 – 500 mD for the best store instead of greater than
500 mD. Greater permeability provides for greater injectivity and faster plume transport, but relatively high
permeability could be an issue in the event of unintended CO2 migration (Juanes et al., 2006; Doughty
et al., 2010; Han et al., 2010). Bottom seals were gauged based on known faults or fractured geological
structure on a field-by-field basis (CA DOGGR, 1998). With respect to formation temperature, a cold CO2

storage site gets a greater score because CO2 is denser as temperature decreases. A detailed discussion of
storage capacity, bottom seal, depth to the top of formation, permeability, porosity, reservoir thickness, and
geothermal gradient is found elsewhere (Kim et al., 2022).

Table 3—Scoring criteria (Callas and Benson, 2020; Kim et al., 2022).
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8 SPE-209340-MS

Table 4—Parameters for the SimCCS case studies.

Hydrocarbon fields had 10 parameters with a total possible score of 50 whereas saline formations used
12 parameters with a total score of 60. Scores were divided by the maximum possible score to normalize.
We binned storage sites based on their total normalized score as high priority for consideration (≥ 0.8),
moderate priority (0.64 – 0.8), and future sites to consider (<0.64). Importantly, all of the sites are qualified
for further study because of the extensive screening employed. The specific CO2 storage sites with high/
medium score and above mean 20 MtCO2 storage resource were defined as the target CO2 storage sites for
SimCCS analysis.

The pressure history of a hypothetical injection well was estimated  using a conservative
assumption of single-phase injection (Theis, 1935). The semi-log approximation for the Theis solution is

(2)

where Q [m3/s] is injection flow rate, k [m2] is permeability,  [Pa·s] is water viscosity, b [m] is the
thickness of reservoir,  is the porosity, t is time,  [m] is the well bore radius, and Ct [Pa-1] is rock
compressibility. In this assumption, the radius of the well bore was set to 0.1 m and the rock compressibility
was 5x10-9 [Pa-1]. Another analytical solution assuming multiphase conditions was used with the extension
of Darcy's law combined with the Buckley-Leverett solution (Dake, 1983). The pressure build-up under
multiphase flow was calculated to be 40 – 60 % of the pressure build-up for single-phase flow. Accordingly,
the pressure build-up computed with the conservative assumption of single-phase flow was used here.
Finally, the reservoir pressure, including the additional build-up pressure was restricted to 90 % of fracture
pressure (U.S. EPA, 2016). The fracture pressure , Eq. (3), was estimated depending on fault type
and vertical stress (Sv) with a 23 MPa/km overburden gradient (Zoback, 2010). The constant a is determined
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SPE-209340-MS 9

based on the faulting regime and coefficient of friction. The numerical value for normal faulting and strike-
slip and reverse faulting is 0.6 and 1, respectively (Zoback and Townend, 2001).

(3)

Based on this pressure limit, the injectivity per year was conservatively estimated. In actual hydrocarbon
fields, the build-up pressure is decreased because CO2 dissolves into the residual oil phase. Reservoir
compartmentalization was also considered with the possibility of separate pressure regions within fields.
The area of a field divided by existing quaternary faults was assumed as reservoir compartmentalization if
the area was more than 50 % of that in a field. Also, faults or pre-existing fractured geological structures
documented for individual fields (CA DOGGR, 1998) were evaluated.

The presence of quaternary faults was considered based on the distance from the injection point. A greater
distance has a better score as distance reduces risk. Both salinity and top seal thickness were scored for
saline formations. Previous studies showed the effect of salinity on solution trapping because greater salinity
decreases solution trapping due to the strong ionic strength (Duan and Sun, 2003; Jin et al., 2012).

Technoeconomic analysis
As discussed above, SimCCS was used as a tool for technoeconomic analysis to find optimal deployment
scenarios. The basic input for SimCCS includes CO2 emitter (source) locations, maximum capturable
emissions, and unit capture cost ($/tCO2). Storage data includes reservoir (sink) locations, total capacities,
annual capacities, and unit ($/t) storage costs. Transport data consists of a weighted-cost surface generated
by aggregating many factors including population, land ownership, rights-of-way, topography, and land
cover (Yaw et al., 2019; Hoover et al., 2020). Pipeline costs are calculated using this weighted-cost surface
and NETL's Transport Cost Model (NETL, 2018).

Tax credits are modelled in SimCCS as modifications to capture or storage costs. If the state-level credit
varies based on the source (e.g., LCFS credits), then the credit is applied to the capture cost as

(4)

In this study, the LCFS credit was conservatively considered as$100/tCO2 with a 100 % LCFS
assumption. The max LCFS credit (2021) price was posted as $221.67 (CARB, 2021c). LCFS credits are
only applied for refinery, SG, CHP, and ethanol refineries based on LCFS pathways. For example, SG,
refinery, and hydrogen facilities received 80 % of $100/tCO2 LCFS credit. The ethanol facility can receive
100 % of the $100/tCO2 LCFS credit. The LCFS percentage of CHP facilities was mainly varied from 50
– 60 % based on the contribution of steam generation for oil production (see Appendix Table S2). The
cement and powerplant facility cannot receive the LCFS credit except Elk Hills powerplant (40 % LCFS)
that provides electricity to oil production. In the scenario case-study, the LCFS credits were varied as $100/
tCO2, $150/tCO2, and $200/tCO2.

The 45Q tax credit was applied to the cost of storage. It varies based on the storage type for 12 covered
years. The 45Q credit for saline and CO2-EOR fields was $50/tCO2 and $35/tCO2, respectively. In this study,
the injection cost of CO2 in saline formations was estimated $10/tCO2 consistent with previous studies (U.S.
DOE, 2014; Rubin et al., 2015). So, the storage cost per tonne of CO2 ($/tCO2) in saline formations was −
$40/tCO2 with the net benefit computed as

(5)

Regarding the cost of storage in CO2-EOR fields, we conservatively considered the revenue from the
additional hydrocarbon production as an additional credit. In particular, the cost of CO2 purchase and
recycling price ranges from 25 to 50 percent of the cost per barrel oil produced (NETL, 2010). Based on
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10 SPE-209340-MS

the condition of operation, the revenue generated by CO2 injection and operation ($/tCO2) was varied. The
storage cost for CO2-EOR fields was estimated as -$42.5/tCO2 with the net-benefit computed as

(6)

The storage cost in CO2-EOR fields needs to be further investigated. In this study, the injection rate
limit for saline formations and hydrocarbon fields was constrained to 2 MtCO2/year and 1 MtCO2/year,
respectively. Also, the pipeline network mainly used with the rights-of-way (ROW) for existing natural gas
pipelines and crude oil pipelines.

Generally, the SimCCS optimization model operates in three modes: (1) CAP, (2) PRICE, and (3)
TIME. SimCCS formulates these optimization models as Mixed Integer Linear Programs (MILP). In all
modes, SimCCS aims to minimize infrastructure cost subject to various constraints. Equation (74) represents
infrastructure cost as shown below

(74)

The objective function contains the capture  and storage  cost data provided to SimCCS, as well
as transportation costs calculated from the cost surface (  and ). The other variables in the objective
function are decision variables that represent the amount of CO2 captured at a location , the amount of
CO2 stored at a location (bj), the amount of CO2 transported in a pipeline component (pkc), and an indicator

for whether or not a pipeline component is constructed .
The MILP optimization model also includes constraints. Pipelines have sufficient capacity for the amount

of CO2 transported. Capture amount from the source does not exceed the capturable emission rate. Storage
amount at a storage location does not exceed lifetime storage capacity. All CO2 that is captured is also
stored. MILP optimization models work by modifying values of decision variables, checking the value of
the resulting objective function, and selecting decision variable values that minimize the objective function
without violating any of the constraints. In this way, optimal capture, transport, and storage quantities are
determined for each source, reservoir, and pipeline component in the model (Whitman et al, 2021).

The different modes of SimCCS reflect variations in the model as follows. CAP Mode. This mode is the
model presented, but with an additional constraint that forces the resulting infrastructure to capture a certain
amount of CO2. This mode is used for scenarios that target capture amounts. In this study, CAP mode was
used to collect and store all capturable emission.

PRICE Mode. This mode has no constraint requiring the capture of a specific amount of CO2. This is
only possible with negative costs (or profit) in the system. Therefore, infrastructure is only deployed if the
cost of the objective function is less than zero. Generally, this mode depends on 45Q tax, LCFS credit, or
EOR sales profit at a storage site. This mode is used to find the profitable scenarios under deployment. We
conducted several scenarios depending on the variation of credits including the 45Q tax credit, LCFS credit,
and the capture threshold for the 45Q tax credit.

TIME Mode. This mode is more complicated than the CAP and PRICE models. The project period
is broken up into a number of phases and each phase has its own set of cost and capacity parameters.
Infrastructure for each phase is designed to minimize total project cost, so infrastructure that can be shared
across phases is prioritized over infrastructure that needs to be rebuilt in subsequent phases (Jones et al,
2022). This mode is used for scenarios where things change over time (e.g., tax credit values, capture costs,
source/reservoir availability, and capture targets). A simple phasing study was applied to gauge the effect
of the 45Q credit period using 12, 16, and 20 year durations of 45Q.

Table 4 presents the deployment scenarios with different parameters. The current threshold of capture
amount for the 45Q tax credit is 0.1 MtCO2/y (industrial emitter) and 0.5 MtCO2/y (powerplant) for
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SPE-209340-MS 11

a 12 year-operation period. The base case scenarios and these 45Q thresholds were used to conduct 4
different cases with CAP and PRICE modes. Two different conditions of storage site options were included:
all storage and the exclusion of CO2-EOR sites (no-EOR). The four classifications of case studies were
conducted depending on different 45Q credits durations, 45Q credit value, and LCFS credit value. The
variation of the 45Q credit and modified threshold of capture amount were adopted from recent legislative
activities (CRS, 2021). The storage sites are classified with all storage and no EOR storage options. The
no EOR storage option represents that CO2-EOR candidate sites are excluded from SimCCS analysis. The
all-storage option refers to considering all kinds of storage sites including CO2-EOR candidate sites. The
shaded-columns of Table 4 represent the variations of parameters for each case study.

Results
This section presents the results of screening, scoring, and capture costs for CHP and SG. Also, the results
of several deployment scenario are presented.

Distribution of thermal EOR facility with GHG emission
There are 11 fields of interest that are produced using steam injection in the vicinity of Kern County. Figure
2 shows the ratio of total steam injection in 2019 for each field. The total injected steam was reported as 470
Mbbl cold water equivalent in the WellStar Dashboard (CA DOC, 2021). Midway-Sunset, Belridge South,
Kern River, Cymric, Coalinga, and Lost Hills fields accounted for more than 80 % of the steam injected.

Figure 2—The distribution of steam injection by field in target region in 2019. Steam flood and cyclic steam injection included.

As we applied the selection criteria for steam generators, 72 sites with roughly 400 steam generator (SG)
units were observed from public data and Google Earth. With consideration of a GHG emission threshold
of 0.025 MtCO2/year, there was a total of 63 sites with 380 SG units in the target region. Previous study
(EFI and Stanford, 2020) used a ratio of LCFS credit equal to 0.8 for refinery facilities. Therefore, the ratio
of LCFS credit, 0.8 was similarly applied for all SG based on the definition of LCFS credit.

Regarding CHP, the selection procedures initially determined 33 LCFS credit applicable sites. In the
target area, 20 CHP sites remained after application of the criteria of emission and capacity operation
factor. The ratio of LCFS credit for CHP systems varied from 0.5 to 0.6 depending on the steam generation
production for CHP as discussed above. The list of thermal EOR facilities includes 63 SG sites and 20 CHP
sites, as shown in the Appendix (Table S2 and Table S3).

The thermal enhanced oil production facilities (SG and CHP) are shown in Fig. 3(a). These facilities
mainly were located in the thermal-EOR fields as expected. Also, additional CO2 emitting regions,
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12 SPE-209340-MS

throughout Southern California are shown in Fig. 3(b). The number of total CO2 emitters considered was
125. Among natural gas powerplants (NGPP), Elk Hills NG PP can receive the LCFS credit because it
provided electricity for nearby oil fields (EFI and Stanford, 2020).

Figure 3—The distribution of (a) thermal EOR production facilities (SG and CHP) and (b) CO2 large
emitters throughout Southern California. CHP_LCFS represents the LCFS applicable CHP sites.

Each site has a different number of steam generators. Figure 4 (a) shows the GHG emissions, GHG
emissions per site (MtCO2/site) from SG, number of SG sites, and number of SG units in each field. The
total emissions from SG after applying a selection threshold of 0.025 MtCO2/site was 9.6 MtCO2/y. For
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SPE-209340-MS 13

example, GHG emissions at the Midway-Sunset field were 2.43 MtCO2/year including 22 different sites
with 121 units and emissions of 0.11 MtCO2/site, Fig. 5(a). The GHG emissions per site ranged from 0.11
to 0.27 MtCO2/year, as shown in Fig. 4(a), where the GHG emissions per unit is calculated from these data.
The range of emissions was from 0.016 to 0.043 MtCO2/SG unit. Therefore, some sites with 2- 3 SG units
cannot apply for the 45Q tax credit. Figure 4 (b) shows the GHG emissions and number of CHP units based
in each field. Kern River field has 6 CHP sites with 1.5 MtCO2/y emissions. Among emissions, the emission
of 0.79 MtCO2/y was contributed by steam production and received LCFS credits for CO2 storage. The
total number of CHP with LCFS credit applicable operations was 20. These emissions were 1.73 MtCO2/
y emissions among 3.14 MtCO2/y total.

Figure 4—Estimated GHG emissions for (a) steam generation and (b) combined heat and power at each field.

Figure 5 shows capturable CO2 emissions from industrial facilities near Kern County and throughout
Southern California. The capturable emissions were estimated as 90 % of the reported GHG emissions for
industrial facilities except ethanol facilities where 100 % capture of emissions was assumed. In the target
region (near Kern County), the total capturable emissions were 19.1 MtCO2/y. Among them, the capturable
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14 SPE-209340-MS

emissions from oil production facilities (SG and CHP) was 11.4 MtCO2/y with 60 % of total capturable
emissions in Kern County (Fig. 5 (a)). GHG emissions from the Elk Hills NG PP can receive 40 % LCFS
credit. Also, the total capturable emissions of Southern California after excluding Kern County was 23.6
MtCO2/y, as shown in Fig. 5 (b). The emissions from natural gas power plants are 12.4 MtCO2/y and these
are the largest GHG emission among industrial fields. The total capturable emissions in these regions was
estimated as 42.7 MtCO2/y. Therefore, secure and abundant CO2 storage sites are necessary to decrease
GHG emissions.

Figure 5—Capturable CO2 emissions in (a) the vicinity of Kern County and (b) Southern California

Estimated capture cost for CHP and SG
The estimated capture cost for oil production facilities (CHP and SG) is shown in Figure 6. In particular, the
capture cost for CHP has 3 different cases with different assumptions based on the capacity operation factor.
We assumed that the capacity operation factor ranged from 0.6 to 0.9. As operation factor increased, the
capture cost decreased. The capture cost for CHP ranged from $59.3/t to $78.0/t. The capture cost of SG was
estimated based on emission per SG unit with the capacity operation factor from 0.7 to 0.9. The capture cost
decreases with the increase of capacity operation factor and SG capacity type. The capture cost of SG ranged
from $57.6/t to $74.5/t depending on the estimated operating condition of each site. The mean capture cost
for 50 MMBTU, 62.5 MMBTU, and 85 MMBTU SG units are $69.0/t, $66.6/t, and $62.2/t, respectively.
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SPE-209340-MS 15

Figure 6—Estimated capture cost for (a) combined heat and power
and (b) steam generation for common steam generator heat rates.

CO2 storage resources in the target area
In the southern San Joaquin Basin, there are 9 saline formations and 133 hydrocarbon fields to screen, Fig.
7 (a). Among saline formations, the Domengine and Stevens Sand of the Deep Monterey Formation were
excluded due to insufficient reservoir thickness and permeability, respectively. Table 6 shows the geological
properties for the qualified saline formations with storage estimates from previous studies (Downey and
Clinkenbeard, 2006, 2010; USGS, 2013; Baker et al., 2020). The exclusion zones in qualified saline
formations are shown in black in Fig. 9 (a). The CO2 storage resource in available saline formations is shown
in green and estimated to range from 16.6 – 52.0 GtCO2 with a mean of 34.3 GtCO2. Figure 9 (b) shows
the low and high estimates for storage resource in each saline formation. The Etchegoin formation has the
greatest storage potential of 6.9 – 27.7 GtCO2, but this formation is relatively shallow, Table 5. Temblor
and Stevens Sand of the Monterey formation had the optimal depth to the of top formation with relatively
large storage resources.

Table 5—Summary properties of qualified saline formations in the southern San Joaquin Basin.
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16 SPE-209340-MS

Figure 7—The selection of qualified sites (a) candidate formations and (b) qualified
sites after the 1st step. The storage resource within hydrocarbon fields and saline

formations ranged from 0.87 to 2.1 GtCO2 and from 26.5 to 88.7 GtCO2, respectively.

Among hydrocarbon fields, 35 fields were qualified as shown in red in Fig. 7 (b). After exclusion for
risks, sensitive habitats and so on, the data in Figs. 8(a)-(c) was developed. In the 3rd stage, there were 25
hydrocarbon fields as potential sites. The estimated storage resource ranged from 0.45 to 1.15 GtCO2. The
detailed list with CO2 storage estimate is shown in the Appendix in Table S5. Among them, 15 CO2-EOR
candidate fields in red with storage resources of 0.36 – 0.88 GtCO2 were located in the target region. In the
next section, the results from the scoring system for hydrocarbon fields and saline formations is discussed.
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SPE-209340-MS 17

Figure 8—Exclusion layers for (a) fault and seismic activity, (b) city
boundary & population density, and (c) restricted & sensitive lands.
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18 SPE-209340-MS

Figure 9—Potential CO2 storage (a) in the target region and (b) storage resource estimate for saline formations.

Selection of target CO2 storage sites
The scoring system was applied to prioritize storage sites for technoeconomic analysis using SimCCS. 25
hydrocarbon fields were scored to determine a target storage site. As a result, 7 hydrocarbon fields were
selected with storage resources above 20 MtCO2. Among them, North Belridge, Coles Levee South, Elk
Hills, Kettleman North Dome, and Paloma were CO2-EOR candidates and Belridge South and McKittrick
were depleted oil fields for storage.

Regarding saline formations, saline formations are characterized on a 10 km by 10 km grid and in some
cases a 20 km by 20 km grid depending on the availability of saline formation data. Average geological
properties are shown in Table 5 and specific data (salinity, quaternary fault region, and fault structures) in
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SPE-209340-MS 19

selected saline sites were applied to score. In particular, the injectivity with one well for saline formations
was above 2 MtCO2/y. As a result, the score for 34 saline formation including 2 stacked formations was
found to be high or medium. Therefore, all saline sites are suitable for storage. Figure 10 shows the result of
the scoring system for all 41 sites. The 41 sites represent a total 5.8 GtCO2 storage resource. Among them,
Temblor and Santa Margarita were the formations with the greatest capacity. Among the seven hydrocarbon
fields, the Etechgoin, Monterey, and Temblor formations were used. The determination of target geological
formation was based on the currently available public data. Therefore, further field investigation is needed
with specific field data before the CO2 storage project is deployed.

Figure 10—Scoring results for 41 sites.

Figure 11 shows the 41 target CO2 storage sites in the available saline formations. In particular, Kettleman
North Dome is compartmentalized due to quaternary faults. The remaining CO2 storage resource in the
roughly 15 % of this field found suitable for storage is greater than 40 MtCO2 (mean). Also, Raisin City
(stack 1) and Rio Bravo (stack 2) are stacked sites and identified with light blue squares on the map. These
oil field received a medium score, but they have relatively small CO2 storage resource amounts. So, these
stacked formations might be used to store CO2 initially in the depleted oil field and then transition to the
saline formation for greater volume.
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20 SPE-209340-MS

Figure 11—CO2 storage sites among available saline formations and hydrocarbon fields.

The two depleted oil fields (South Belridge and McKittrick) are currently thermal EOR fields, but the
CO2 storage formation is the Temblor formation that is located deeper than the oil reservoirs. The specific
CO2 site in the depleted oil field is presented with gray-filled circles. The location of CO2-EOR fields and
saline formations are marked with yellow triangles and blue pentagons, respectively.

Technoeconomics Using SimCCS
In this study, the 41 storage sites and 125 CO2 emitters in the target region and Southern California were
considered using SimCCS. The capture cost for SG and CHP was estimated in this study and the capture cost
of other emitters was adopted from previous study (EFI and Stanford, 2020). Based on proposed scenarios,
the results of SimCCS were presented from CAP and PRICE mode. Also, a simple phasing study (Time
mode) was applied to understand the effect of 45Q credit periods of 12, 16, and 20 years. There were several
case studies including a base study the effect of 45Q credit duration, the value of the 45Q credit, and the
value of the LCFS credit. Project duration was 12 years for the base study. The duration was increased to
20 years for different sensitivity studies.

Figure 12 shows the results of 4 different cases. The two CO2 storage site options were applied with all
storage and no EOR. The no EOR option excludes the 5 CO2-EOR candidate sites. Each case uses CAP and
PRICE modes. A negative cost represents a profitable CO2 storage project. The net cost shown with a red
bar represents the sum of storage costs in gray, capture costs in yellow, and transport costs in blue. Also, the
annual amount captured and stored is marked with a black square and the number of storage sites marked
with green triangles are shown in Fig. 12. These legends and marks are similar in the rest of the figures.
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SPE-209340-MS 21

Figure 12—The results of 4 base case scenarios assuming 12 year-operation and $100/tCO2 LCFS credit.

In the CAP mode, the storage cost (gray bar) slightly increased under the no EOR option because the
storage cost of CO2-EOR including credits was -$42.5 less than the storage cost of saline formation (-$40).
The number of storage sites using the no EOR option decreased to 24 sites. The capture cost shown in
yellow bars was identical for both storage options because the CAP mode operates to capture and store
all capturable emissions. In the PRICE mode, the profit increased as compared to CAP mode. Both total
project cost and storage cost using the all storage option have a slight economic benefit, but the number of
storage sites needed for the no EOR option is less. With the PRICE mode, the capturable amount shows
21 MtCO2 amounting to 50 % of the total capturable amount in the target region. The difference in storage
options was not critical from the economic point of view.

Figure 13 shows the distribution of capture amount and number of emitters within each industrial field for
4 different cases. As discussed above, the CAP mode operates to capture all capturable emissions regardless
of economic benefit. In the PRICE mode, the majority of emissions from cement manufacture and NG PP
can not be captured with economic benefit except the emissions from Elk Hills NG PP because they are
LCFS eligible. About 50% of emissions from CHP can be captured and stored economically. The emission
of ethanol refineries and hydrogen production can all be captured with economic benefit. Note that 90% of
SG emissions and refinery hydrogen production can be captured and stored with economic benefit because
they receive both the LCFS credit and 45Q credit.
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22 SPE-209340-MS

Figure 13—SimCCS results for (a) CO2 capture amount and (b) number of emitters.

Figure 14 shows base case results for CAP and PRICE mode with all storage options. The pipeline
network is shown with solid red lines, the CO2 storage sites chosen are marked with squares, and engaged
CO2 emitters with a double circle mark (filled radio button). The network of CO2 emitters and storage sites
in CAP mode is shown in Fig. 14 (a). All emitters were connected with CO2 storage sites because the CAP
mode is designed to store all capturable emissions. As noted above, 27 sites shown with yellow squares
among 41 storage sites were connected. In the PRICE mode, the 74 CO2 emitters were connected with 16
storage sites in Fig. 14 (b). Again, the emissions from NG PP and cement industries cannot be connected
economically because these emitters are not eligible for LCFS credits. Also the capture cost of these facilites
exceeds the current 45Q credit benefit. In the PRICE mode, there was only one pipeline network to construct
between CO2 emtters and CO2 storage sites in the target region.
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Figure 14—SimCCS basecase senario results using (a) CAP mode and (b) PRICE mode
with the "All" storage option. The LCFS credit is $100/tCO2 and project lifetime is 12 years.
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Figure 15 shows the effect of the duration of 45Q credits among 12, 16, and 20 year lifetimes. The all
storage option with $100/tCO2 LCFS credit and $35/tCO2 45Q credit was identically used for the 6 different
scenarios. In the CAP mode, projects with 12 and 16 year credit lifetimes were not economic whereas the
20 year credit lifetime is economically beneficial. As the duration of the tax credit lifetime increased, the
storage credit also increased. In the PRICE mode, the annual capture amount and project profit increased
with the length of the credit. Nevertheless, increasing the capture amount above 20.4 MtCO2/y was limited
due to the limit of application of LCFS credits to SG, refineries, and CHP as well as relatively large capture
cost compared to storage credit.

Figure 15—Results from exploring the effect of the duration of 45Q credits with the all storage option. The
45Q credit is $35/tCO2 for EOR sites and $50/tCO2 for saline formations whereas the LCFS credit is $100/tCO2.

Figure 16 shows the interplay of the value of 45Q tax credits under a 12 year credit and current capture
threshold with $100 LCFS credit for 20 years under the all storage option. The result of PRICE and
CAP modes were investigated with 45Q tax credit values of $35/t (EOR)/$50/t (saline), $60/t(EOR) /$85/
t(saline), and $70/t(EOR) /$100/t(saline). The total captured annually increased as the value of the credit
increased in PRICE mode. In particular, the 45Q tax credit value of $60/t(EOR)/$85(saline) added about 3
MtCO2/y to storage as well as increased the number of storage sites, as shown in Fig. 16 (a). The difference
in the amount stored among $60/t(EOR) /$85/t(saline) and $70/t(EOR) /$100/t(saline) was not large. As the
value of the 45Q credit increased, the total project received greater profit, as expected.
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SPE-209340-MS 25

Figure 16—Variation of 45Q credit with (a) PRICE mode and (b) CAP mode using the all storage with a project
lifetime of 20 years. The LCFS is $100/tCO2 and the current threshold capture amount for 45Q credits is applied.
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26 SPE-209340-MS

In the CAP mode, increasing the value of 45Q credits increased the total project economic benefit
because, the storage cost decreased. In particular, the 45Q credit value of $60/t (EOR)/$85 /t (saline) lifts
the whole project to profitability. The number of storage sites increased with an increased 45Q credit value,
because the 2 additional saline formations were engaged for the credit-covered period (initial 12 years) due
to the increase in the 45Q credit value, Fig. 16 (b). The blue circle represents the number of saline storage
sites.

Figure 17 shows the effect of 45Q and LCFS credit values with a 12 year credit term for 45Q and current
capture threshold in all storage and PRICE modes for a 20 year project lifetime. The variation of 45Q credit
values was identical to the previous case study 2. The value of LCFS credits was varied as $100/tCO2, $150/
tCO2, and $200/tCO2. The increased LCFS and 45Q credits postively changed the storage amount and total
project profit. The increase of storage was not significant as the LCFS credit was set to $150/tCO2 and $200/
tCO2 and the 45Q credit varied as $60(EOR)/$85(saline) and $70(EOR)/$100(saline). Therefore, both the
$150 LCFS credit and the specific 45Q tax credit of $60(EOR)/$85(saline) are ideal credit values. As we
discussed above, the market-based LCFS credit has uncertainity and volatility. The conservative assumption
of a $100 LCFS/tCO2 credit was necessary to decrease the uncertainity.

Figure 17—Effect of LCFS and 45Q credit value in SimCCS PRICE mode.
The project lifetime is 20 years but the duration of 45Q credits is 12 years.

To sum up learnings from the case studies, the current 45Q credit term and value limits somewhat
deployment of carbon capture and storage projects in the target region. On the other hand, oil & gas
production facilities in the target region can capture and store economically under current 45Q tax and
LCFS credits. The case studies illustrated that increasing the 45Q credit lifetime, credit value, and LCFS
credit value increased the economic incentive to deploy CCS projects for a greater fraction of the capturable
emissions. In particular, increasing the 45Q tax credit to $60/t EOR)/$85/t(saline) leads to profit in the CAP
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mode. Further investigation with the sensitivity of operation and 45Q tax credit is needed to defend the
selecton of CCS deployment projects.

Discussion
Estimates of storage resources may redefine how the exclusion zones are determined following the 3-stage
procedures. Previous study (Kim et al., 2022) showed the effect of relaxation of restrictions on access to
sensitive lands above saline formations to reevaluate the total exclusion zones. The result of the relaxation
of these lands expands access to saline formations.

In reverse, conservative restrictions on exclusion zones decreases the CO2 storage resource and the
number of potential storage sites, but can increase the security of CO2 storage. In particular, the risk category
of quaternary faults and seismically active areas is a critical parameter in the geology of California. In
the current study, the buffer zones were applied using a 4 km width around quaternary faults and a 5 –
10 km diameter (depending on the magnitude of seismicity) around earthquakes. A buffer zone with a 10
km diameter was used above magnitude 5. The buffer zone represents the perimeter of influence when the
unpleasant events (fault and seismic activity) occur. A more conservative approach for buffer zones is to
increase buffer zones to 10 km around quaternary faults and to 10 km diameter around seismic activity above
magnitude 3. In the target region, the following hydrocarbon fields were excluded: Tejon, North, Asphalto,
Coles Leeves North, Russell Ranch, and Tejon North. The estimated storage resources in hydrocarbon fields
decreased about 35 % (0.3 – 0.73 GtCO2) because the risk exclusion zones in other potential sites increased.
The available saline formation area with conservative risk buffer zones only decreased about 12 %. Still,
the estimated storage resource in the target region is more than 30 GtCO2 (mean).

The carbon capture cost has a critical role within the technoeconomic analysis. The capture cost should
decrease over time with technology innovation to fulfill a carbon neutral economy. The results from SimCCS
showed that the carbon capture from some large emitters in NG PP and cement industries did not have an
economic benefit with current 45Q tax credit and the retrofit costs for carbon capture. The target capture
cost for these industry field should be less than $40 - $50 with current tax credit and storage cost. Detailed
analysis of target capture costs and pipeline network construction will be conducted in the future. An
aggressive 45Q tax credit strategy, cost-effective capture units, and optimal pipeline networks will speed
deployment of carbon storage.

Summary & Conclusions
Steam generation and combined heat & power operations within oil & gas production facilities were
identified and located using public data in and around Kern County. These facilities were selected as
eligible for the LCFS credit if their emissions were equal to or greater than 0.025 MtCO2/y. The capturable
cumulative GHG emissions from 63 SG's and 20 CHP's with LCFS applicable facilities were 8.6 MtCO2/y
and 2.8 MtCO2/y, respectively. Additionally, another 42 selected large emitters in the Kern County vicinity
and Southern California were estimated as having capturable emissions of 42.7 MtCO2/y. The estimated
cost to capture emissions from SG and CHP was computed using previous studies. The capture cost for CHP
ranged from $59/t to $78/t depending on the operating conditions whereas the capture cost for emissions
from SG ranged from $58/t to $74.5/t depending on the estimates for each site.

CO2 storage resources were re-evaluated and investigated using a 3-stage screening procedure.
Conservative risk exclusion zones were employed to increase the security of potential CO2 storage in
geological formations. Even with a significantly conservative approach, the resulting estimated storage
resources for hydrocarbon fields and saline formations were 0.45 - 1.15 GtCO2 and 16.6 – 52.0 (mean 34.3)
GtCO2, respectively. These resources were then scored and storage sites with high/medium priority scores
and greater than 20 MtCO2 storage resource were defined as the target sites for technoeconomic analysis. As
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an aside, all fields passing through screening have desirable qualities for storage. Ranking helps prioritize
sites for additional study. In this way, 7 hydrocarbon fields were selected. Among them, 5 fields were CO2-
EOR candidates and 2 fields were depleted oil fields only for storage. Also, a total of 34 saline formations
including 2 stacked formations were selected. The 41 storage sites chosen totaled 5.8 GtCO2 of storage
resource.

Subsequently, the 125 emitters in Kern County and Southern California were connected with 41
prospective storage sites and a regional technoeconomic analysis conducted. The capture cost for the
additional 42 large emitters were adopted from a previous study (EFI and Stanford, 2020). The proposed
regional scenarios were conducted to find the optimal CCS project with proper credit assumptions. Oil & gas
production facilities are predicted to break even or profit under current 45Q tax and LCFS credit conditions.
Almost all oil & gas facilities can receive both credits. The base-case results using CAP and PRICE mode
in the SimCCS tool illustrated that cement manufacture and natural gas power plants do not receive enough
credit to break even. Therefore, there are limitations to deploy CCS projects under the current 45Q and
LCFS credits.

Scenarios investigated increasing the lifetime of 45Q credits, 45Q credit value, and LCFS credit
value. Obvious differences in the capturable amount, total project cost, and number of storage sites
resulted. In particular, increasing the 45Q tax credit to $60/tCO2 for CO2-EOR and $85/tCO2 for saline
storage accomplishes positive economics in the CAP mode of SimCCS even though the CCS project was
simulated using conservative credit assumptions. Clearly, increasing the lifetime of 45Q tax credit eligiblity
incentivizes deployment of CCS projects. Further study is necessary including the sensitivity of capture
cost, operation condition, and 45Q credits to deploy CCS optimally.
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Nomenclature & Acronyms
= Total capture cost
= Unit capture cost ($/tCO2)

CAPEX= Capital expense
CO2e= CO2 equivalent

Cop= Operation cost
CE= Energy cost
Ct= Rock compressibility (Pa-1)

EAF= Electricity Allocation Factor
CHP= Combined Heat and Power
GHG= Greenhouse Gas

Gt= Giga tonnes
LCFS= Low Carbon Fuel Stanford

Mt= Million tonnes
NG PP= Natural Gas Power Plant

= Fracture pressure (MPa)
= Build-up pressure (MPa)

Q= Injection flow rate (m3/s)
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SG= Steam Generator
Sv= Vertical stress (MPa)

SimCCS= Scalable infrastructure model for Carbon Capture and Storage
TEOR= Thermal Enhanced Oil Recovery

= Capture cost in SimCCS

= Storage cost in SimCCS
= The constant of fracture
= Amount of CO2 captured at a location

b= Thickness of reservoir (m)
bj= Amount of CO2 stored at a location
k= Permeability (m2)

pkc= Amount of CO2 transported in a pipeline component
rw= Well bore radius (m)

t= Time (s)
tCO2= Tonne of CO2

ykc= Amount of CO2 constructed in a pipeline component
= Cost surface in pipeline use-cost on SimCCS
= Cost surface in pipeline build-cost on SimCCS
= Water viscosity (Pa·s)
= Porosity
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Appendix

Parameters to estimate capture cost of combined heat and power and steam
generation
Parameters to calculate the estimate capture cost for CHP and SG with 20 years of operation are listed in
Table S-4. There are 3 cases for CHP and a case for SG. In particular, the retrofit capture cost per SG unit
was received from an industrial expert. There retrofit costs for 50, 62.5, and 80 MMBTU steam generators
are $7M, $8.1M and $10M, respectively.

Table S1—Parameters in the cost estimate for capture unit.

List of CO2 emitters in Kern County and Southern California
The CHP sites in the target region are listed in Table S2 whereas SG are in Table S3. The ratio of LCFS
credit applicable to SG was assumed to be 0.8. The list of emitters in Southern California was adopted from
previous studies (EFI and Stanford, 2020; Kim et al., 2022).
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Table S2—CHP list with LCFS credit applicable facilities.
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Table S3—List of Steam generators with LCFS credit applicable facilities.
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Table S4—List of CO2 emitters without oil &gas production facilities in Kern County and Southern California.
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Target CO2 storage sites
The list of hydrocarbon fields and saline formations suitable for CO2 storage that were provided to SimCCS
including estimated storage resources. The 7 hydrocarbon fields with high/medium score and above 20
MtCO2 (mean) storage resources were used for the target CO2 sites.
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Table S5—List of potential CO2 storage sites among hydrocarbon fields.
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Table S6—List of saline formation CO2 storage sites.
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