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13 Abstract
14 Geological carbon storage has a critical role to play for the US to accomplish carbon neutrality by 2050. Previous 

15 studies of geological carbon storage are reviewed, redefined, and evaluated to focus on locating the most 

16 prospective candidate storage sites in California's Central Valley (San Joaquin Basin USA). This study clarifies 

17 the CO2 capture and storage (CCS) opportunity and also the potential economic benefit. A three-stage selection 

18 method is applied to a catalog of saline formations and hydrocarbon fields to qualify sites for additional in-depth 

19 study. The three stages consist of screening using geological criteria, defining exclusion zones, and qualifying 

20 sites. Exclusion zones define potentially unacceptable storage sites based on seismic risk, surface environment 

21 such as sensitive habitats, social, and economic aspects. Nine saline formations and 133 hydrocarbon fields were 

22 examined resulting in qualified sites. Qualified sites were then prioritized. The estimated CO2 storage resource in 

23 the 7 qualified saline formations ranged from 16.6 to 52 GtCO2 whereas the estimated CO2 storage resource in 35 

24 qualified hydrocarbon fields ranged from 0.45 - 1.15 GtCO2. Among the 35 hydrocarbon fields, 15 CO2-EOR 

25 candidate fields with storage resources of 0.36 – 0.88 GtCO2 are located in Kern County, CA. Altogether, 41 

26 storage sites including 7 hydrocarbon fields, 32 saline storage sites, and 2 stacked storage sites were defined as 

27 prospective CO2 storage locations. The prospective 41 CO2 storage sites in and around Kern County were linked 

28 to selected large CO2 emitters in Southern California including Imperial, Kern, Los Angeles, Orange, San 

29 Bernardino, Santa Barbara, San Luis Obispo, and Ventura Counties. Importantly, the technoeconomics of 

30 prospective storage sites and emitters were analyzed using SimCCS (Scalable infrastructure model for Carbon 

31 Capture and Storage) to find optimal deployment conditions. Regional GHG emissions from oil and gas facilities 

32 such as EOR steam generators and combined heat and power units can be captured and stored economically in 

33 geological formations as a result of California low carbon fuel standard and U.S. Federal 45Q credits. The 45Q 

34 credit value and duration are critical factors to incentivize CCS deployment. The deployment scenarios evaluated 

35 using SimCCS teach that the Southern San Joaquin basin is an excellent potential regional carbon storage hub.

36 Keywords
37 carbon capture and storage; technoeconomics, upstream oil & gas emissions, site screening
38
39
40
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41 Introduction
42 California’s total annual greenhouse gas (GHG) emissions in 2019 were about 418.2 million tonnes (Mt) of CO2 equivalent 

43 (MtCO2e) that was 6.4 % of US total emissions (CARB, 2021a, U.S. EPA, 2021a). Reductions in GHG emissions are 

44 approached using many technical scenarios including improved energy efficiency, deployment of renewables, and carbon 

45 capture utilization and storage (CCUS) (IEA, 2019). As a result, GHG emissions from the power sector in California have 

46 decreased from 120 MtCO2 to 60 MtCO2 between 2000 and 2019. Additionally, emissions from the industrial sector also 

47 decreased to about 90 MtCO2 in that period (CARB, 2021a). 

48 The industrial sector consists of large GHG emitters including refineries, cement manufacturers, hydrogen facilities, 

49 cogeneration systems, oil & gas production facilities, and other industrial facilities. To accelerate reduction of GHG 

50 emissions, CCUS technology may be deployed and applied for both industrial and power sectors. Previous studies pointed 

51 out that capturable emissions of about 58 MtCO2e/y from these sectors in California can be stored economically within 

52 geological formations as a result of the 45Q tax credit or LCFS credit, or both (EFI and Stanford, 2020; Kim et al., 2022). 

53 Among industrial sites, some GHG emissions from oil and gas production facilities in California originate from 

54 thermal enhanced oil recovery (EOR) operations including steam flooding and cyclic steam injection. These operations are 

55 mainly located in Kern County. For example, the total number of active steam injection wells in 2021 in Kern County was 

56 18,037 among 18,462 steam injection wells in total in California (CA DOC, 2021a). Thermal EOR uses steam generated 

57 from natural gas in once through steam generators or in cogeneration units with a heat recovery steam generator. 

58 Cogeneration is a form of combined heat and power (CHP) that produces electricity and thermal energy such as hot water or 

59 steam. Throughout, we use the term CHP because that is how the eGRID database (U.S. EPA, 2021d) tabulates information.  

60 In general, the emissions from individual oil and gas production facilities are relatively small in comparison to other 

61 industrial emitters. The aggregate emissions, however, from oil and gas facilities are appreciable because there are at least 11 

62 active thermal EOR fields near Kern County. The annual GHG gas emissions within Kern County were around 12.3 MtCO2 

63 as averaged over 2018 and 2019 (CARB, 2021b). This value is 90 % of the total GHG emissions from oil and gas production 

64 operations in California. 

65 Previous studies of CO2 storage resource in California suggested oil and gas reservoirs as well as saline formations 

66 as potential geological carbon storage sites (Downey and Clinkenbeard, 2011; USGS, 2013; NETL, 2015a, b; Teletzke et al., 

67 2018; Baker et al., 2020). The CO2 storage estimate in oil, gas, and underground gas storage sites (UGS) ranged from 3.6 to 

68 6.6 giga tonnes (Gt) of CO2 (NETL, 2015a). A revised CO2 storage estimate for hydrocarbon reservoirs estimated from 1 to 2 

69 GtCO2 for 61 reservoirs (Kim et al., 2022). Revisions were obtained by applying a three-stage screening procedure to 

70 consider selection of qualified sites, development of exclusion zones, and identification of potential storage sites. Following 

71 screening, a scoring system was applied to prioritize 14 reservoirs with storage resource size above 20 MtCO2 in California 

72 (Kim et al., 2022).

73 Importantly, saline formations have greater total storage potential than oil & gas fields (USGS, 2013; NETL, 2015a, 

74 b; Baker et al., 2020). In particular, the mean CO2 saline formation storage estimates from USGS (2013) and NATCARB 

75 (NETL, 2015a) are 90.5 GtCO2 and 147.6 GtCO2, respectively. In addition, a recent study that re-examined saline formations 

76 suggested the mean storage resource is at least 69.1 GtCO2 in California (EFI and Stanford, 2020). Baker et al. (2020) 

77 evaluated selected saline formations and hydrocarbon fields for geological carbon storage in the Sacramento and southern 

78 San Joaquin basins. The estimated CO2 storage resources for only 4 formations in the southern San Joaquin basin ranged 

79 from 14.1 to 56.4 GtCO2.  

80 The U.S Internal Revenue Service section 45Q tax credit and California low carbon fuel standard (LCFS) credits are 
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81 intended to accelerate deployment of carbon capture and storage and thereby reduce emissions (CARB, 2018; US EPA, 

82 2016). The Inflation Reduction Act of 2022 (IRA, 2022) further incentivizes the capture of CO2 from certain industrial 

83 facilities, powerplants or direct air capture (DAC) projects that meet criteria such as captured amount per year (DAC facility: 

84 0.001 MtCO2/y, industrial emitter: 0.0125 MtCO2/y, powerplant: 0.0185 MtCO2/y). Projects are eligible for 12 years of the 

85 45Q tax credit.  The 45Q tax credit for storage in both saline formations and depleted oil/gas reservoirs is now $85/tCO2. 

86 Also, the credit for storage in CO2-EOR projects is now $60/tCO2 (IRA, 2022). 

87 In 2018, the LCFS was amended to enable CCS projects that reduce emissions associated with the production of 

88 transport fuels sold in California and projects that directly capture CO2 from the air. The common requirement of 45Q and 

89 LCFS is that both credits require secure permanent storage and employ detailed and extensive monitoring plans. LCFS has no 

90 limitation on project storage size and project duration, but the LCFS credit is volatile and uncertain because it is market-

91 based. For reference, the LCFS credit ranged from $150/t to $65/t through November 2022 (CARB, 2022). 

92 Evaluating CCS opportunities for economic success is complex. SimCCS is a technoeconomic tool to determine the 

93 least-cost infrastructure needed to support CCS operations, subject to various constraints and objectives (Middleton et al., 

94 2020). It was developed to optimize CO2 capture, pipeline transport, and geologic storage. There are few similar models that 

95 consider multiple project phases or the underlying geography as SimCCS does. Some models do not consider the set of all 

96 sources and reservoirs and temporal flexibility (Morbee et al., 2011; Sun and Chen, 2017). None of them allow the variation 

97 of all phase parameters as SimCCS does (D’Amore and Bezzo, 2017; D’Amore et al., 2019). Others do not do geospatial 

98 pipeline routing as SimCCS does (Han and Lee, 2012; Hasan et al., 2015). SimCCS has been used to determine and optimize 

99 the cost of CCS projects under different scenarios (Bielicki et al., 2018; Hoover et al., 2020; Daneshfar et al., 2021). 

100 Significantly, the updated version of SimCCS used here incorporates a new temporal model to examine phased development 

101 (Jones et al., 2022). SimCCS is the primary tool employed in this paper.

102 Specifically, this work screens oil and gas steam generation facilities as well as other CO2 emitters in the vicinity of 

103 Kern County. Previous studies of geological carbon storage resource are reviewed and reevaluated using a 3-stage procedure 

104 and scoring system to put a focus on providing target candidate storage sites. The CO2 capture cost is estimated to provide 

105 reasonable input for technoeconomic analysis. Then, SimCCS, described by Middleton et al. (2020), is applied to evaluate 

106 various scenarios to optimize CO2 storage under different geological conditions and tax credit parameters. Finally, this study 

107 clarifies the CO2 capture and storage opportunity and, importantly, estimates the potential economic benefit of CCS 

108 deployment in Southern California including Imperial, Kern, Los Angeles, Orange, San Bernardino, Santa Barbara, San Luis 

109 Obispo, and Ventura Counties with the new 45Q credit values in the Inflation Reduction Act. Novel contributions of this 

110 paper include geolocation of the CO2 emissions from oil & gas production facilities in Kern County, identification and 

111 qualification of potential CO2 storage sites with a new and updated methodology including scoring of the sites analyzed, and 

112 technoeconomic analysis including the recently increased 45Q tax credit using the brand-new temporal model of SimCCS.

113 Methods
114 This section presents our methods for the identification of steam generators (SG) and CHP that might be suitable for capture 

115 along with estimates of GHG emissions and the capture cost for these GHG emissions in the Kern County region. Site 

116 evaluation and ranking follows the updated 3-stage procedure and scoring system from previous studies (Kim et al., 2022; 

117 Callas et al., 2022). A detailed flowchart is provided in the Supplementary Material.

118
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119 Site identification.

120 Generally, the California Air Resource Board (CARB) Database (CARB, 2021b) and EPA Flight system (U.S. EPA, 2020a, 

121 2021b) provide GHG emissions and global positioning system information on oil and gas production facilities as well as 

122 natural gas transmission facilities. Typically, companies only report the sum of the GHG emissions for their facilities because 

123 GHG emissions of individual equipment, for example a natural gas fired steam generator at a particular site, are relatively 

124 small. Separately, CARB maintains a list of oil & gas facilities and locations, but no GHG emissions data for each site. In 

125 addition, the California Department of Conservation (CA DOC) provides global positioning system information for all kinds 

126 of energy infrastructure without the GHG emissions (CA DOC, 2021b). On the other hand, emissions from CHP systems are 

127 well reported through the EPA eGRID Database (U.S. EPA, 2020b, 2021c). So, emissions from CHP were cross-checked 

128 with EPA Flight and CARB Database. The detailed identification procedure is shown in Figure 1.

129 Regarding steam generators, both CARB and CA DOC databases were used to identify the location and number of 

130 steam generators within oil fields using Google Earth. Sites with annual emissions of 0.025 MtCO2 and larger were selected 

131 for this study. Estimation of GHG emissions is explained in the next section whereas the geographical distribution of steam 

132 generators is shown in Results.

133 Among 1695 CHP systems, industrial and independent CHP were first selected. The electricity allocation factor 

134 (EAF) was calculated as the ratio of electricity heat output upon the sum of the electricity and steam heat outputs (U.S. EPA, 

135 2021d). Second, we chose CHP with EAF less than 1 to obtain facilities producing steam or hot water. Third, CHP facilities 

136 that provided steam to oil and gas production were selected in the target region. Finally, these LCFS applicable CHP sites 

137 with emissions of 0.025 MtCO2 per year or greater and active CHP (at least 0.05 capacity operation factor) remained. The 

138 capacity operation factor or capacity factor is defined as the ratio of actual annual generation to the maximum annual 

139 generation rate for CHP (US EPA, 2021d). 

140
141

142 Fig. 1. Selection procedures for carbon capture from steam generation (top)  and combined heat and power (bottom) 

143 systems.

144 Estimation of GHG emissions.

145 The GHG emissions, mainly CO2, of selected CHP was obtained from the EPA eGRID database (U.S. EPA, 2020b, 2021c). 
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185 Regarding the capture cost of CHP, there were three cases depending on CAPEX and energy costs. The base case was 

186 estimated using the average CAPEX from a previous study (EFI and Stanford, 2020). The capture cost for steam generation 

187 assumed parameters identical to CHP except CAPEX and gas consumption. Based on the capacity of the steam generator, 50, 

188 62.5, and 85 MMBTU, the retrofit CAPEX costs were determined as $7M, $8.1 M, and $10M, respectively. The detailed 

189 parameters for each case are in the Supplementary Material.

190

191 Screening of potential CO2 storage sites.

192 Both hydrocarbon reservoirs and saline formations were considered as CO2 storage sites. The estimated CO2 storage 

193 resources for both types of geological formations were screened and evaluated using data from previous studies (Downey and 

194 Clinkenbeard, 2006, 2010; USGS, 2013; NETL, 2015b; Baker et al., 2020). The CO2 storage resource for hydrocarbon fields 

195 came from NATCARB (2015b). A three-stage procedure from Kim et al. (2022) was used to screen potential CO2 storage 

196 sites. 

197 In the 1st stage, geological properties were applied to select qualified sites from the result of previous studies. Table 

198 1 shows the qualifying thresholds based on geological properties. A detailed description and discussion of storage 

199 optimization parameters is given elsewhere (Kim et al., 2022). Here, the minimum reservoir thickness, 10 m, is taken 

200 identical to Ramirez et al. (2010). Previously, we used a minimum reservoir thickness of 3 m. 

201 As risk minimization parameters, both salinity and top seal thickness were only applied to saline formations. The top 

202 seal thickness of hydrocarbon formations was not found in public databases; however, a hydrocarbon accumulation indicates 

203 the presence of a seal, in most cases. The water in hydrocarbon reservoirs is typically not suitable for drinking or for 

204 agricultural purposes without significant treatment; hence, all water in oil reservoirs is assumed to be unsuitable for these 

205 purposes. Additionally, offshore sites were eliminated because they are not eligible for the LCFS credit. 

206 In the 2nd stage, the exclusion zones were developed using four different categories as detailed in Table 2 (Kim et 

207 al., 2022). Risk categories include quaternary faults and seismically active regions. A 2 km-wide buffer zone was applied to 

208 each side (total 4 km width) of quaternary faults.  Seismicity buffer zones were assigned depending on the magnitude (M) of 

209 historical earthquakes. A 10 km diameter buffer was used for magnitude greater than 5 whereas a 5 km diameter buffer zone 

210 was used for magnitude less than 5. Active hydrocarbon fields consider exclusion zones as well. These fields are assumed to 

211 be mainly used for CO2-EOR. Both non-active hydrocarbon fields and saline formations considered all categories including 

212 risk, population density, restricted lands, and sensitive zone/habitats as total exclusion zones.

213 In the 3rd stage, the exclusion zones were subtracted from the identified hydrocarbon fields or saline formations from 

214 the 1st stage to obtain available storage sites. The fraction of available storage area of each original site (1st stage) was 

215 multiplied by the CO2 storage resource estimate from previous studies. In this way, new CO2 storage resource estimates were 

216 computed. These potential CO2 storage sites were prioritized with a scoring system as described next.

217

218
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219 Table 1 - Qualifying thresholds for storage sites. Modified from Callas et al. (2022) and Kim et al. (2022). 
220

Category Geological parameter Qualifying threshold

Storage resource (high estimate) > 3 MtCO2 (OG field)

Depth (to top of formation) > 800 m

Permeability > 10 mD (mean)

Porosity > 10 % (mean)

Storage
Optimization

Reservoir Thickness Target one layer, > 10 m

Secondary confining Exist secondary confining unit

Salinity > 10,000 ppm (TDS): Saline formation only
Risk

Minimization
Top seal thickness > 25 m: Saline formation only

Others Offshore location Consider only onshore location

221

222 Table 2 – Exclusion zone definitions with data sources. Adopted from EFI and Stanford (2020) and Kim et al. (2022).
223

Category zone Exclusion area/conditions Data sources Application 
formation

Quaternary 
Faulting

4 km wide “buffer zone” around all quaternary 
faults

California Geologic 
Hazard Data & Maps (CA 

DOC, 2010),
Risk

Seismic activity
10 km diameter for M>5 (from 1769 – present), 

5 km diameter for 1.5<M<5 (from 2015 – 
present)

USGS Earthquake Hazards 
Program (USGS, 2020)

Ac
tiv

e 
hy

dr
oc

ar
bo

n 
fie

ld

Population density Above 75 persons/ km2

(including city boundary) LandScan (ORNL, 2018)

Restricted lands
National landmarks, conservation lands, all 

military installation zones, Federal lands, state 
lands, and Native American lands

Protected area (USGS, 
2019)

Sensitive zones/habitats
Cultural sites (national park/monument, 

national register properties),
Ecology habitats, Wildlife habitat

Wind Energy 
Development Exclusions 

and Resource Sensitivities 
zone (ANL, 2016)

-

N
on

-a
ct

iv
e 

hy
dr

oc
ar

bo
n 

fie
ld

 a
nd

 sa
lin

e 
fo

rm
at

io
n

224

225 Scoring system for potential CO2 storage sites.

226 A scoring system prioritized the selection of CO2 storage sites for SimCCS analysis. Table 3 shows 12 parameters scored for 

227 both hydrocarbon fields and saline formations whereas the previous study only examined hydrocarbon fields and had only 7 

228 parameters. Additionally, the shaded columns indicate parameters identical to the previous study (Kim et al., 2022). Most 

229 parameters are scored from 1 (worst) to 5 (best) score except a few parameters such as reservoir compartment, bottom seal, 

230 geothermal gradient, and top seal thickness. These parameters are scored with 1 or 3 or 5 for low, medium, and high. The 

231 scores describing porosity, reservoir thickness, and storage capacity increase as these parameters become greater. 

232 Permeability and depth to top of formation were chosen as optimal as shown in Table 4. We chose the permeability range of 

233 100 – 500 mD for the best score. Greater permeability provides for greater injectivity and faster plume transport, but 

234 relatively high permeability could be a concern in the event of unintended CO2 migration (Juanes et al., 2006; Doughty et al., 

235 2010; Han et al., 2010). 
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272 Table 3 - Scoring criteria for storage sites modified from Callas et al. (2022) and Kim et al. (2022).
273

Criteria J=1 (worst) J=2 J=3 J=4 J=5 (best) Application 
formation

O/G field 3-10 MtCO2 10-30 MtCO2 30-50 MtCO2
50-100 
MtCO2

>100 MtCO2

Storage
Capacity Saline

(20km by
20 km)

10-50 MtCO2
50-100 
MtCO2

100-200 
MtCO2

200-500 
MtCO2

>500 MtCO2

Bottom Seal No seal Yes-Seal

Depth of Top of
Formation 0.8 -1 km Deep (>3 km) 1 -1.5 km 2 -3 km 1.5 -2 km

Permeability 10-20 mD 20-50 mD >500 mD 50-100 mD 100-500 mD

Porosity 10-15% 15-20% 20-25% 25-30% >30%

Reservoir Thickness 10-20m 20-50m 50-100m 100-300m >300m

Geothermal 
Gradient

(Geothermal
favorability)

>40 oC/km 
(Warm, Class1)

20-40 oC/km
(Class 2, 3, 4)

<20 oC/Km
(Cold, Class 5)

Injectivity1 
(MtCO2/y) 0.25 – 0.5 0.5 - 1 1 -1.5 1.5 - 2 >2

Reservoir 
compartment

Compartment 
with separate 

pressure regions
No Compartment

Presence of 
Quaternary Faults

<3 km from 
closest injection 

well

3- 5 km from 
closet 

injection well

5 – 7.5 km 
from closest 

injection well

7.5 – 10 km 
from closets 

injection well

> 10 km from 
closest injection 

well

H
yd

ro
ca

rb
on

 fi
el

d 
(1

0 
pa

ra
m

et
er

s)

Top seal thickness 25 – 30 m 30 -50 m > 50 m

Salinity (TDS), ppm > 200,000 10,000 – 
30,000

100,000- 
200,000

50,000-
100,000 30,000 – 50,000

-

Sa
lin

e 
fo

rm
at

io
n 

(1
2 

pa
ra

m
et

er
s)

274 1: assumption with 1 well and pressure build-up will be less than 0.9*Pfrac

275

276 Based on this pressure limit, the injectivity per year was estimated. In actual hydrocarbon fields, the build-up pressure is 

277 decreased because CO2 dissolves into the residual oil phase. Reservoir compartmentalization was also considered with the 

278 possibility of separate pressure regions within fields. The area of a field divided by existing quaternary faults was assumed as 

279 reservoir compartmentalization if the area was more than 50 % of that in a field. Also, faults or pre-existing fractured 

280 geological structures documented for individual fields (CA DOGGR, 1998) were evaluated. 

281 The presence of quaternary faults was considered based on the distance from the injection point. A greater distance 

282 has a larger score as distance reduces risk. Both salinity and top seal thickness were scored for saline formations. Previous 

283 studies showed the effect of salinity on solution trapping because greater salinity decreases solution trapping due to the strong 

284 ionic strength (Duan and Sun, 2003; Jin et al., 2012).  

285

286 Technoeconomic analysis.

287 The version of SimCCS used in this study is the temporal model and is different from the previous version (Middleton, 

288 2020). An overview of the SimCCS model is given in the Supplementary Material.  Tax credits are modelled in SimCCS as 

289 modifications to capture or storage costs. If the state-level credit varies based on the source (e.g., LCFS credits), then the 

290 credit is applied to the capture cost as 
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328 ). Further explanation is provided in the Supplementary Material.

329 The different modes of SimCCS reflect variations in the model as follows. 

330 CAP Mode. This mode is the model presented, but with an additional constraint that forces the resulting 

331 infrastructure to capture a certain amount of CO2. This mode is used for scenarios that target capture amounts. In this study, 

332 CAP mode was used to collect and store all capturable emissions.

333 PRICE Mode. This mode has no constraint requiring the capture of a specific amount of CO2. This is only possible 

334 with negative costs (or profit) in the system. Therefore, infrastructure is only deployed if the cost of the objective function is 

335 less than zero. Generally, this mode depends on 45Q credit, LCFS credit, or EOR sales profit at a storage site. This mode is 

336 used to find the profitable scenarios under deployment. We conducted several scenarios depending on the variation of credits 

337 including the 45Q tax credit, LCFS credit, and the capture threshold for the 45Q tax credit.

338 TIME Mode. This mode is more complicated than the CAP and PRICE models. The project period is broken up into 

339 phases and each phase has its own set of cost and capacity parameters. Infrastructure for each phase is designed to minimize 

340 total project cost, so infrastructure that can be shared across phases is prioritized over infrastructure that needs to be rebuilt in 

341 subsequent phases (Jones et al, 2022). This mode is used for scenarios where evolution is expected (e.g., tax credit values, 

342 capture costs, source/reservoir availability, and capture targets change). A simple phasing study was applied to gauge the 

343 effect of the 45Q credit period using 12, 16, and 20 year durations of 45Q.

344 Table 4 presents the deployment scenarios with different parameters. The current threshold of capture amount for 

345 the 45Q tax credit is 0.0125 MtCO2/y (industrial emitter) and 0.0185 MtCO2/y (powerplant). All scenarios operate for 20 

346 years. The base case scenarios with current 45Q capture thresholds and credit value were used in CAP and PRICE modes. 

347 Sensitivity studies were conducted based upon 45Q credit duration (12, 16, 20 years) and LCFS credit value ($70/t, $100/t, 

348 $150/t). Case studies with the 45Q tax criteria prior to 2022 are reported in the Supplementary Material. The all-storage 

349 option refers to considering all kinds of storage sites including CO2-EOR candidate sites. 

350

351 Table 4 - Parameters for the SimCCS case studies. Shaded columns represent the parameters varied for each case study.
352

Operation 
year

Credit 
year Mode Capture 

threshold
Storage 

sites

Credit 
45Q 

($/tCO2)

LCFS 
credit

($/tCO2)

No. of 
scenario

Base study 20 12 CAP/PRICE All storage
$60 

(EOR)/$85 
(Saline)

$100 2

12
16

Case 
study 1 (45Q 
credit year)

20
20

CAP/PRICE All storage $60/$85 $100 6

$70
$100

Case 
study 2 

(Variation of 
LCFS credit)

20 12 PRICE

Current 
capture 
criteria1

All storage $60/$85
$150

3

Other Case 
Studies in the 

Supplementary
Material

12
20

12
16
20

CAP/PRICE
Previous 
capture
criteria2

All 
storage/no-

EOR site

$35/$50
$60/$85

$70/$100

$100
$150
$200

25

353
354 1: Current threshold (industrial emitter: 0.0125 MtCO2/y and powerplant: 0.01875 MtCO2/y).
355 2: Previous threshold (industrial emitter: 0.1 MtCO2/y and powerplant: 0.5 MtCO2/y)
356
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357 Results
358 This section presents the results of screening, scoring, and capture costs for CHP and steam generators. Also, the results of 

359 several deployment scenario are presented.  

360

361 Distribution of thermal EOR facilities with GHG emissions.

362 There are 11 fields of interest that are produced using steam injection in the vicinity of Kern County. The total annual 

363 injected steam was reported as 470 Mbbl cold water equivalent in the WellStar Dashboard (CA DOC, 2021). Midway-Sunset, 

364 Belridge South, Kern River, Cymric, Coalinga, and Lost Hills fields accounted for more than 80 % of the steam injected. 

365 As we applied the selection criteria for steam generators, 72 sites with roughly 400 steam generator units were 

366 observed from public data and Google Earth. With consideration of a GHG emission threshold of 0.025 MtCO2/year, there 

367 was a total of 63 sites with 380 steam generation units in the target region. Previous study (EFI and Stanford, 2020) used a 

368 ratio of LCFS credit equal to 0.8 for refinery facilities. Therefore, the ratio of LCFS credit, 0.8 was similarly applied for all 

369 steam generators based on the definition of LCFS credit. 

370 Regarding CHP, the selection procedures initially determined 33 LCFS credit applicable sites. In the target area, 20 

371 CHP sites remained after application of the criteria of emission and capacity operation factor. The ratio of LCFS credit for 

372 CHP systems varied from 0.5 to 0.6 depending on the steam generation production for CHP as discussed above. The list of 

373 thermal EOR facilities includes 63 steam generation sites and 20 CHP sites, as shown in the Supplementary Material (Table 

374 S2 and Table S3).

375 The thermal enhanced oil production facilities (steam generators and CHP) are shown in Fig. 2(a). Also, additional 

376 CO2 emitting regions, throughout Southern California are shown in Fig. 2(b). The number of total CO2 emitters considered 

377 was 125. Among natural gas powerplants (NGPP), Elk Hills NG PP can receive the LCFS credit because it provided 

378 electricity for nearby oil fields (EFI and Stanford, 2020). 

379

380
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381

382

383 (a)

384  

385 (b)

386 Fig. 2. The distribution of (a) thermal EOR production facilities (steam generation and CHP) and (b) large CO2 emitters 
387 throughout Southern California. CHP_LCFS represents the LCFS applicable CHP sites.
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388

389 Each site has a different number of steam generators. Figure 3 (a) shows the GHG emissions, GHG emissions per site 

390 (MtCO2/site) from steam generators, number of steam generator sites, and number of steam generation units in each field. 

391 The total emissions from steam generation after applying a selection threshold of 0.025 MtCO2/site was 9.6 MtCO2/y. For 

392 example, GHG emissions at Midway-Sunset were 2.43 MtCO2/year including 22 different sites with 121 units and emissions 

393 of 0.11 MtCO2/site, Fig. 3(a). The GHG emissions per site ranged from 0.11 to 0.27 MtCO2/year, as shown in Fig. 3(a), 

394 where the GHG emissions per unit are calculated from these data. The range of emissions was from 0.016 to 0.043 

395 MtCO2/steam generation unit. Therefore, some sites with 2-3 steam generation units qualify for the 45Q tax credit. Figure 

396 3(b) shows the GHG emissions and number of CHP units in each field. Kern River has 6 CHP sites with 1.5 MtCO2/y 

397 emissions. Among emissions, 0.79 MtCO2/y was contributed by steam production and received LCFS credits for CO2 

398 storage. The total number of CHP with LCFS credit applicable operations was 20. These emissions were 1.73 MtCO2/y 

399 among 3.14 MtCO2/y total.

400 Figure 4 shows capturable CO2 emissions from industrial facilities near Kern County and throughout Southern 

401 California. The capturable emissions were estimated as 90 % of the reported GHG emissions for industrial facilities except 

402 ethanol facilities where 100 % capture of emissions was assumed. In the target region, the total capturable emissions were 

403 19.1 MtCO2/y. Among them, the capturable emissions from oil production facilities (steam generation and CHP) were 11.4 

404 MtCO2/y with 60 % of total capturable emissions in Kern County, Fig. 4(a). GHG emissions from the Elk Hills NG PP can 

405 receive 40 % LCFS credit. Also, the total capturable emissions of Southern California after excluding Kern County were 23.6 

406 MtCO2/y, Fig. 4 (b). The emissions from natural gas power plants are 12.4 MtCO2/y and these are the largest GHG emissions 

407 among industrial fields. The total capturable emissions in these regions was estimated as 42.7 MtCO2/y. 

408
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409

410

411 (a)

412

413     

414 (b)

415

416 Fig. 3. Estimated 2020 GHG emissions for (a) steam generation (SG) and (b) combined heat and power (CHP) at each field.

417

418
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419

420 (a)

421

422 (b)
423

424 Fig. 4. Capturable CO2 emissions in (a) the vicinity of Kern County and (b) Southern California.
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429

430 Estimated capture cost for CHP and steam generation.

431 The estimated capture cost for oil production facilities (CHP and steam generation) is shown in Figure 5. In particular, the 

432 capture cost for CHP has 3 different cases based on the capacity operation factor. We assumed that the capacity operation 

433 factor ranged from 0.6 to 0.9. As operation factor increased, the capture cost decreased. The capture cost in Case 3 for CHP 

434 ranged from $59.3/t to $78.0/t of CO2. The capture cost of steam generation was estimated based on emissions per steam 

435 generation unit with the capacity operation factor from 0.7 to 0.9. The capture cost decreases with the increase of capacity 

436 operation factor and steam generation capacity type. The capture cost of steam generation ranged from $57.6/t to $74.5/t of 

437 CO2 depending on the estimated operating condition of each site. The mean capture cost for 50 MMBTU, 62.5 MMBTU, and 

438 85 MMBTU steam generation units are $69.0/t, $66.6/t, and $62.2/t of CO2, respectively.

439

440  

441 (5) (b)

442 Fig. 5. Estimated capture cost for (a) combined heat and power (CHP) and (b) steam generation (SG) for common steam 
443 generator heat rates.
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444 CO2 storage resources in the target area.

445 In the southern San Joaquin Basin, there are 9 saline formations and 133 hydrocarbon fields to screen, Fig. 6 (a). Among 

446 saline formations, the Domengine and Stevens Sand of the Deep Monterey Formation were excluded due to insufficient 

447 thickness and permeability, respectively. Table 5 shows the geological properties for the qualified saline formations with 

448 storage estimates from previous studies (Downey and Clinkenbeard, 2006, 2010; USGS, 2013; Baker et al., 2020). After 

449 exclusion for risks, sensitive habitats and population density, the data in Figs. 7(a)-(c) was developed. Finally, the exclusion 

450 zones in qualified saline formations are shown in black in Fig. 8 (a). The CO2 storage resource in available saline formations 

451 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 

452 high estimates for storage resource in each saline formation. The Etchegoin formation has the greatest storage potential of 6.9 

453 – 27.7 GtCO2, but this formation is relatively shallow, Table 5. The Temblor formation and Stevens Sand of the Monterey 

454 formation had the optimal depth to the of top formation with relatively large storage resources. 

455 Among hydrocarbon fields, 35 fields were qualified as shown in red in Fig. 6 (b).  In the 3rd stage, there were 25 

456 hydrocarbon fields as potential sites, Fig. 8 (a). The estimated storage resource ranged from 0.45 to 1.15 GtCO2. The detailed 

457 list with CO2 storage estimate is shown in the Supplementary Material in Table S5. Among them, 15 CO2-EOR candidate 

458 fields in red with storage resources of 0.36 – 0.88 GtCO2 are located in the target region. In the next section, the results from 

459 the scoring system for hydrocarbon fields and saline formations are discussed.

460

461 Table 5 - Summary of qualified saline formation properties in the southern San Joaquin Basin.
462

Formation
Avg

Perm., 
mD

Avg
porosit

y

Avg
Reservoir 
thickness

, m

Range of 
depth of 
the top 
layer, m

Avg 
depth of 
the top 
layer, m

Top seal 
Thickness

, m

Low
estimate
Storage, 
MtCO2

High
estimate
Storage, 
MtCO2

Reference

Stevens Sand of 
the Monterey 

Formation
200 0.24 201.2 914 – 

3962 2591 > 30 m 3,700 8,700

Temblor 
Formation 200 0.25 182.9 914-3962 2134 150 m 7,900 22,000

Temblor 
Formation Deep 10 0.12 320.0 914-5486 4724 60-90 m 840 1,500

USGS, 2013

Etchegoin 
Formation 200 0.25 30 455-2134 945 > 30 m 11,700 46,700

Santa Margarita 
Formation 987.5 0.25 34 455-2740 1768 > 30 m 1,200 4,800

Vedder 
Formation 1215.5 0.25 50.3 1525-

2745 2134 > 30 m 900 3600

Olcese 
Formation 1789 0.25 16.5 435-

3132.5 2094 30-90 300 1400

Downey and 
Clinkenbeard
, 2006, 2010; 
Bakers et al., 

2020

463
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464

465 (a)

466

467 (b)

468 Fig. 6. The selection of qualified sites (a) candidate formations and (b) qualified sites after the 1st step. The storage resource 
469 within hydrocarbon fields and saline formations ranged from 0.87 to 2.1 GtCO2 and from 26.5 to 88.7 GtCO2, respectively.
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470
471  

472 (a)                   (b)

473  

474 (c)

475 Fig. 7. Exclusion layers for (a) fault and seismic activity, (b) city boundary & population density, and (c) restricted & sensitive 
476 lands.
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477

478

479 (a)

480

481 (b)

482 Fig. 8. Potential CO2 storage (a) in the target region and (b) storage resource estimate for saline formations. 

483

484 Selection of target CO2 storage sites.

485 The scoring system was applied to prioritize storage sites for technoeconomic analysis using SimCCS as shown in Fig. 9. Of 

486 the 41 sites, 25 hydrocarbon fields were scored to determine a target storage site. As a result, 7 hydrocarbon fields were 

487 selected with storage resources above 20 MtCO2. Among them, North Belridge, Coles Levee South, Elk Hills, Kettleman 

488 North Dome, and Paloma were CO2-EOR candidates and Belridge South and McKittrick were depleted oil fields for storage. 

489 Saline storage sites are characterized on a 10 km by 10 km grid and in some cases a 20 km by 20 km grid depending 

490 on the availability of saline formation data. Average geological properties are shown in Table 5 and specific data (brine 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4415590

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



22

491 salinity, quaternary faults, and fault structures) in selected saline sites were applied to score. In particular, the injectivity with 

492 one well for saline formations was above 2 MtCO2/y. As a result, the score for 34 saline formations including 2 stacked 

493 formations was found to be high or medium. Therefore, all saline sites are suitable for storage. Figure 9 shows the results of 

494 the scoring system for all 41 sites. These sites represent a total 5.8 GtCO2 storage resource. Temblor and Santa Margarita 

495 were the formations with the greatest capacity. Among the seven hydrocarbon fields, the Etchegoin (Elk Hills), Monterey 

496 (Belridge South, Coles Levee South, Paloma), and Temblor formations (McKittrick, Belridge North, Kettleman North Dome) 

497 were used. The determination of target geological formation was based on the currently available public data. Therefore, 

498 further field-specific investigation is needed before the CO2 storage project is deployed.    

499

500

501  

502 Fig. 9. Scoring results for 41 sites. The letter "S" represents the saline storage site and stack represents stacked storage site.

503

504 Figure 10 shows the 41 target CO2 storage sites in the available saline formations. In particular, Kettleman North Dome is 

505 compartmentalized due to quaternary faults. The remaining CO2 storage resource in the roughly 15 % of this field found 

506 suitable for storage is greater than 40 MtCO2 (mean). Also, Raisin City (stack 1) and Rio Bravo (stack 2) are stacked sites 

507 and identified with light blue squares on the map. These oil fields received a medium score, but they have relatively small 

508 CO2 storage resource amounts. So, these stacked formations might be used to store CO2 initially in the depleted oil field and 

509 then transition to the saline formation below for greater volume. 

510 The two depleted oil fields (South Belridge and McKittrick) are currently thermal EOR fields, but the CO2 storage 

511 formation is the Temblor formation that is located deeper than the oil reservoirs. The specific CO2 site in the depleted oil 

512 field is presented with gray-filled circles. The location of CO2-EOR fields and saline formations are marked with yellow 

513 triangles and blue pentagons, respectively.

514

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4415590

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



23

515

516

517 Fig. 10. Prospective CO2 storage sites among available saline formations and hydrocarbon fields.

518

519 Technoeconomics Using SimCCS.

520 The 41 storage sites and 125 CO2 emitters in the target region and Southern California were considered using SimCCS. Based 

521 on proposed scenarios (Table 4), the results of SimCCS are presented using CAP and PRICE mode. Also, a simple phasing 

522 study (Time mode) was applied to understand the effect of 45Q credit periods of 12, 16, and 20 years. The effect of the LCFS 

523 credit value was investigated with the current 45Q credit and capture threshold. In the Supplementary Material, there are 

524 several additional case studies of the effect of 45Q credit duration, the value of the 45Q credit, and the value of the LCFS 

525 credit with the 45Q capture threshold prior to 2022. 

526 Figure 11 shows the results of the base study with the current capture threshold condition under the current 45Q tax 

527 credit period of 12 years and 20 years. Each case uses CAP and PRICE modes. A negative cost represents a profitable CO2 

528 storage project. The net cost is shown with a red bar and represents the sum of storage costs in gray, capture costs in yellow, 

529 and transport costs in blue. Also, the annual amount captured and stored is marked with a black square and the number of 

530 storage sites marked with green triangles are shown in Fig. 11. The number of CO2-EOR candidate sites is shown with a red 

531 triangle. These legends and marks are similar in the rest of the figures. 

532 As discussed above, the CAP mode operates to collect and store all capturable emissions where PRICE mode finds 

533 the profitable individual CCS project under deployment. As a result, the capturable amount in the PRICE mode shows 22 

534 MtCO2/y amounting to around 50 % of the total capturable amount (42.7 MtCO2/y) in the CAP mode. Therefore, the number 
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