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Abstract

Estimating CO. Storage Capacity Injectivity , and Storage Costs for

Large-ScaleCCS Deployment& Carbon Dioxide Removal Goals

Edna Rodriguez Calzadm.S.E.E.R.

The University of Texas at Austigp23

Supervisos: Susan D. HovorkaAlexander PBump

Largescale deploymeni.é., natiorwide) of Carbon Capture and Storage (CCS)
technology will play a key role in carbon storage removal (CDR) and overall climate
mitigation efforts. The economic feasibility of largecale CCS deploymentgartly
depends on th€QO, storage costs per projeetowever,the suitability of regional storage
and injectivity per project, particularly for largeale purposes, is not well understood.

This study focuses on two concepts thagments existing studies of storage
capacity and cosb assess the opportues and barriers to CDRhe first concept focuses
on identifying all potential areas f@0O; storage within the sedimentary rocks throughout
the U.S. based on a novel concept we callGfe Storage Window. The second concept
focuses onmproving CO; storage costestimatedy consideringl) the number of wells
needed to inject at a certain rate, dependent on injectivity of tharaledthe arebextent
of pressure buil-up caused b Oz injection. This area extent is a novel concept we call
pressurespace. Understanding the pressure space of a project helps delineate the area of

review for a project and the extent of the pore spageired for the project.



The results of this study inglle a spatial geodatabase and a series of U.S. cohesive,
spatial distribution maps showcasingCl» storage potential in areas not explored before
2) Storage costs per CCS project and storage costs per @@xphssuming a constant
maximum storage capiy of 20Mt per project over d0-yeartimeframe and 3) Estimated
storage costs per ton of @ areas where storage potential is foundverethere is

not enough data to calculate capacity nor injectivity.
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Chapter 1: Introduction

1.1 BACKGROUND

The need and dramatic implementation of climate change mitigation techniques,
such as Carbon Capture and Storage (CCS), is more important than ever. According to the
2014 1 PCCbs Mitigation Against Cli mate Chan
reacht he gr eenhouse gedsctioegoal of keapioggkelial temEerhies
from rising over the 2°C baseline and limiting the detrimental impacaxdfon dioxide
(COy) emissions on the world (IPG2014). CCS technology and science aimsetoove
CO. from either the atmosphere or from tkeurce andstore it in the subsurface
permanently to redudgO. concentrationgn the atmosphere. To meet the GHG goal, the
Biden Administration establisheal net zero GHG goal by the year 2050, which will be
assised by al Gigaton per annurfGtpa)of carbon dioxideemoval(CDR) goalfrom the
atmosphere into the subsurfdteS. Dept. of State, 2021).
I n order to r each snédizrogobtltkds. ndedstadaplog t r at i o
and upscale the development of CCS projects as quickly as poésilne2022 there are
a total of35 CCS projectsollectively storing 45 million metric tons per annumiltpa)
globally, with around 300 new projects in developinget for completion by 2030 (IEA,
2022b). In the U.Sthere arel9 operationalCCS facilities ¢f which 12 arecommercial
andsevenaredemonstrationprojectg storing around 25 Mtpa, with2 CCS facilitiesin
developmen(Figure 1.). Howevera recent study determined thia¢ current angblanned
CCS projects will not be enough to meettie¢ zero goalset by the Biden Administration

(Figurel.2).
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® Analyzed CCUS Hub Facilities
= 45Q Eligible Facilities
- Carbon Dioxide Pipelines
Saline Reservoirs
[ Oiland Gas Reservoirs
CCUS Projects inthe U.S.
71 Operational
B InDevelopment

Figure 1.1 : Major COEmitting Facilities, CCU®rojects, and CO2 Pipelines in the United Stélaken from the Labor
Energy Partnership report, 2021).
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Capacity of large-scale CO2 capture projects, current and planned vs. the Open &
NetZero Scenario, 2020-2030

= = ﬁlﬁﬁﬂlaﬂﬂﬂl
T A R S
RS LGN G L L A L I L

R
LS A

o

oM

>

-

Operating @ Under construction Advanced development Concept and feasibility

NZE

Figure 12: Capacity of largescale CO2 capture, current and planned vs. the Net Zero
Scenario, 2022030 (IEA, 2022a)

Reaching the CDR goal of 1 Gtpa dependsthon scalability of CCS, but more
importantly,it depends orthe availabiliy andsuitability of storageto match the demand
from carbon capture technologiés.recent report by the Lawrence Livermore National
Lab indicated that the U.S. has the ability to meet the CDR goal and evieeygod
removing over 1 GtpgPettRidge, 2022) The capture technologies involved in this
assessment are direct air capture (DAC) and biomass carbon removal and storage (BiCRS).

DAC ard BICRS will rely on permanent storage, like CCS, to meet their CDR goal quotas.

20



However, the availability and suitability eforagan largescale CCS deployment

and CDR goals is not well understo&ar instance:

1.

development cost estimates thlainsidert he geol ogi c r eA€EQGSvoi

projectds devel opment costs incl uddist he

Is there enough storag@pacity/injectivity to meet local demand where DAC
BiCRStechnologyaredeployec

Is the capacity sufficientor large point source facilities using CCS to reduce
emissions from fossil fuel combustion, ethanol, or cemmartufacture where they
exist?

If we are to upscale CCfor net zero and CDR goal©iow do we manage
neighboringCCSprojects and mitigate risks of overpressure?

What about areas whetteere has been no storage capacity nor injectsigly? Is
there potential for storage in areas wendoknow about?

How much isCCSgoing to cos? Whatexactlygoes intadeterminingcos®

One way to address the suitability gsibrageat a given locations by providing

common practicéor investors taequirethe development costs arithancialimpact of a

project beforénvesting inor developing &CCSproject.l f a pr oj ect dogs f i n
not producea profit, it is likely that the project will not be developed. However, to

accuratelyestimatedevelopmentosts specifically storage costs, a general understanding

of the geologic properties and their limitations should be considEmedexample, the

storage capacityi.€., how much CQ can be stored) depends on a racktd s

properties, such as permdéipiand porosity.These properties change depending on the

type of rock available in the subsurface. Simgectable zones in the subsurfacy in

21
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size, shape laterally and horizontally across an area, calculating storages qusts

straightforward ad is generally challenging task
1.2 PrRevious WORK

There areseveral storage costs models availabfriblicly today, the most
commonly utilizedis the SImMCCS software developed by Carbon Solutions LLC
(Middleton et al. 2020). SImCCS is a softwarsimulation tool developedver the past
decadeto optimize CCS infrastructure decisions. The tool encapsul&®s capture,
storage, and transportation cosas well as the associated infrastructure and regulation
costs.Other cost tools have been devaldpsuch as the NETL G&aline Storage Cost
model (NETL, 2017). However, the multivariate optimization, flexible modeling, and
optimized cost methodology calculation capabilities of SIMCCS outperform these other
tools (.e., SIMCCS vs NETL storage cost®glandHand et al. 2022)Consequently
multiple CCS infrastructurand energyoptimization frameworksn other studiehave
utilized the SImCCS softwate calculatecosts(Middleton et al. 2020b).

Carbon Solutiond LC developed software packeagéor storage, capture and
transportation costéncluding the SCQTPRC packagespecificallyfor storage costsThis
package is capable of providing dynamic3@ragecapacity,injectionrates, and plume
radial extentesultsby inputting geologicgbaraneters(i.e., depth, porosity, permeability,
etc.) into a reducedrder model simulation (Middleton et al 2020Aadditionally, the
package can calculate storage costs based on the output capacity and injectivity results and
the EPA GCS cost model (EPA, ).

With their SCQTPRO package, Carbon Solutions LLC produced th@wvest
nationwide estimates of realistic @&torage costs. Figure 1.3 showcases the geospatial

distribution of the resultingCQT RO storage costsAlthough the source dfigure 1.3
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does not specify the data inputs utilized to calculate the storage costs displayed, it is
possiblet hat the NETLO6s NATCARB national dat aba-s
Surveyods carbon dioxide st otoadeesaachadsks ment ¢

(Bennet et al. 2022).

(,\
(7

.

<S5/t 420/t $30/t >$40/t

Figure 1.3: SC@RCestimated storage costs ($/ton of L£QCarbon Solutions LLC,
2022)
Although SImCCS provides nationwide storage cost estimttey, still do not
fully provide a storage cost picture at a national scale. &@mple what is the cost of
storage in states like Nevada and Arizona, where the Basin and Range physiographic region
exists and there are known sedimentary nauksthat caild be potentially useful for CO

storage Furthermore, there are otheationalinput datasets they have not considered for
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this sto age <cost assessment, such as the Gul f

(GCCC, 2013).
1.3 PrRoOJECT GOALS

Largescale deplognent of CCS in an optimizedrapid costeffective manner
requiresunderstanding the availability and suitabilitystérage, including issues relevant

for obtainingCDR goalsConsequentlythe main goals of thithesisare to:

1. Explore and identify areas wheapetentialCO;, storagas physically possibleand

equally as important, whereis not.

This is achieved by revaluating storage feasibility in sedimentary rocks using
national spatial data. Sevestbrage criteria arased to limit what is and what is
not considered storage potential withigigen physical window. As a result, the

storage window concept is created, and is displayed as a cohesivejdé $nap.

2. Understand the suitability of CCS in a given area tmyviding new CQ storage
costs based oa new cost methodology that considepsimized regionastorage

capacityand injectivity calculations

The new cost methodology is based on the number of eetlsareger project

The number of wells is derived from injectivity calculations, while the area per
project is derived from storage capacity. Both injectivity and capacity are optimized
by incorporating greater spatial resolution geologic data. Capacity is further

optimizedby consideringoressurebased area limitation§Storage costs ara@so
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estimated for areas within the storage window that do not have geologic data to
calculate capacityor injectivity. Capacity calculations in this thesis are a
combination ofvolumetric and performancéased estimates as defined by the

storage resources management system (Frailey291a1).

Provide maps angrepare a&patial database for public use.

The ACO, Capacity, Injectivity, and Cogtdatabase is included as supplementary

datato this thesis. This databasentainsthreemains pat i al &apacays et s: 1]
Injectivity CostDatad 2 ) Highestlnjectivity Analysi® , a €@, S&limeniary
StorageWindowo. The datasets asaved within an ArcGIS geodatabase (.gdb) as
featureclases anatan only be accessed using the ArcGIS software. Further details

on data acquisition, processing, and structure are found in Chapter 6.
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Chapter 2: Sedimentary CO> Storage Window

2.1 INTRODUCTION

Although the idea of a C{torage capacity interval has been around for a while
(Wallace et al. 2014%kedimentaryCO; storage window is a term coined recently within
the CCS community (Bump et al 202The sedimentarZO, storage windowSSW)is
the depth range iasedimentargeologic sectionvhereCO, can beconventionally stored
in a dense or supercritical phase in permepbteus rocks and below fracture pressures.
Sedimentary rockare the target of conventional g6torage in that thegllow for the
injection and containment of£O;, as the rocks tend to have suitable porosity and
permeability.More importantly, sedimentary rocks tenddontainalternatinglayers of
porous/permeable material, lisandstone, and ngmorous/norpermeablanaterial, like
shale, that create a natural trappingcimismfor the injected C@ undergroundand
prevents unwanted GQupward migration Other rock types such as shales, coals,
chemically reactive mafic and ultramafic rocs have been consideretofaye (NETL,
2015, however the storage processes and maturity are different enough that these options
are not included in the scope of this study.

This study provides a new natiorsdaledatasetof a sedimentaryCO, storage

window across the U.She SSWdataset can help achieve the following goals:

1. To accelerate carbon dioxide removal (CDR) goaeniify marginal and/or
unexplored potential storage areas where $31ats
2. Improve formatiorwide pressure spaandinjectivity spatial datacalculationdy

limiting calculation results to within the SSiéfer to sectior3.3.1).
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2.2 CALCULATING THE SEDIMENTARY COZ2 STORAGE WINDOW

ThesedimentarfC O, Storage Window $SW)is calculated by takinthe difference
between thelepth to thdottom storage window boundary and tiepth to théop storage
window boundary(eq.2.1). A positive SW result signifies that the arees have the

potential for storage, while a negatiS88W result means no storage poteritiahat area
Y'Y QQID L E O 0GEEG0 £ QORAND O £ME 0 & QDI W@

The top and bottom CQtorage windovboundariesleineatephysical boundaries
in sedimentanformatiors within which CO; can be storedonventionally(Figure 2.1)
The shallowest depth at which €@mains in a supercritical state defines the top window
of SSW. CQin a supercritical state allows for a h&y volume ofCO; to be stored within
a given volumef porous rockThe top SSWdepth isestimated with a simplificatioto be
750 meters below th@p of goundvater The bottom windowdelineates thaseof the
sedimentary rockelow which Precambriaraged basement rocks begifhe Gulf of
Mexico Basinformations are an exceptiom thatthe bottom window represents depth to

top ofoverpressureather than base of the sedimentary rock section.
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Depth (km) Ground surface
No Storage Window
Thickness

N/
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Novel concept: considers
storage potential within
sedimentary rocks

No Storage Window
Thickness

Figure 2.1: Sedimentary CO2 Storage Wind(8N) Schematic TB = Top SSW
Boundary, BB = Botton$SWBoundary
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2.3 SEDIMENTARY CO2 STORAGE WINDOW INPUT DATA

Calculation of he Storage Windows the result of the compilatiprediting and
grid algebra applied tpreexisting spatial datdo process and edit thdata, ArcGIS
software and tools.¢.,,Raster Calculatoryere utilizedfor spatial data calculation§able

2.1 below summarizes the input data dathsources utilized to calculate both the top and

bottomSSWboundaries.
Storage W|_ndow Input Data Section Data Sources
Analysis
Depth to Groundwater Table 2.3.2 De Graaf et al. 2017
Top SSWhoundary| ~ Continental DigitaElevation - Porter et al. 2018
Models e USGS 3DEP 2022
Laske and Masters
US Wide Sedimentary Rock 1997
Bottom SSW Thickness 23.1 Marshak et al. 2017
boundary Shah et al. 2018
Depth to Overpressure (GOM onl 2.3.4 Burke et al. 2012

Table 2.1 Storage Window Analysis input data summary table

2.3.1 U.SWIDE SEDIMENTARY ROCK THICKNESS

Three sources delineatirdifferent regions in the 1$. (westernU.S. (Shah et al.
2018) centralU.S. (Marshak et al. 2017pnd asternU.S. (Laske and Masters, 1997)
were utilized and modified to create a cohesive, natiscale sedimeaty rockthickness
datasetTo merge althree sources, contour lines were created from each data source, and
|l ater rasterized wutilizing Arc@estBraldS. t opo t o
sediment thickness map covers western states and continues on east until reaching the
Precamhian basement craton edge (Shah et al. 2Q1&)ke the central and eastethS.

sources, where sedimentary thickness extends to the Precambrian basemestteire w
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U.S. thickness mapncludessediment thickness up to the top of Mesozoic basement.
Additionally, the contour lines in the eastéh$. data source were edited such that they
did not overlap with data fromhe central U.Sdata sourcén order to avoidverlapping

sources of data when compiling all three data sources together.

2.3.2 DEPTH TO GROUNDWATER

The groundwater depth data utilized for this project is a-layer global
groundwater model utilizing a combination of the hydrological model-BCRBWY and
a groundwater model using MODFLOW (De Graaf et al 2017). The model is presented in
monthly time-steps with December 2015 as the last iteration of the model. Thus, December
2015 was chosen to represent the depth to top of groundwhgeiglobal groundwater
model is split into two layers, Layérand Layer 2. Layer 2 is described as the top of the
confining geological layer, while Layer 1 is the top of the confined aquifer underneath it.
De Graaf et al. (20173elineated the layers based on grain sizes of unconsolidated
sedi ments (GLiI M). Since De Graaf etl | yl0.
confined aquifers as well (meaning there is still transmissivity through Layer 1 to Layer 2),

this study utilizes Layer 2 to represent depth to top of groundwater.

2.3.3 CONTINENTAL DIGITAL ELEVATION MODELS (DEM)

Continental Digital Elevation Models frothe lower48 states (USGS 3DEP022)
and Alaska (Porter et al. 2018) were utilized to edit spdathsets For example the
centralUS original database (Marshak et al. 2017) provided depth to top of Precambrian
basement relative to mean sea leveltheoefore3ADEP DEM datavereneeded to create
an accurate sediment thickness map of this data sdDEdd. data were also utilized to

exclude areas of steep elevatarange asfurther exploredn section2.4.2
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2.3.4 DEPTH TO OVERPRESSURE

Burke et al.(2012 is comprised ofa geopressurgradient model consisting of
200,000 mueweight measurementsom 70,000 wellsvhich resulted indepth contour
maps of these geopressigmadient surfaces ranging from 0.6 psi/ft to 1.0 psi/the Gulf
of Mexico Basin This thesisutilizes the geopressuggadient surface of 0.7 psi/ft to
delineate depth to top of overpressure in the GtilMexico Basin as this surface is

considered to represent the top of the overpressure transitiofHzammison, 198Q)

2.4 NO STORAGE WINDOW CRITERIA

This section discusses ttieeeno storagewindow criteriaconsidered for th&SW
data. All three compose the storage windovepatial data that complements tB8W

data.

2.4.1 INSUFFICIENT SEDIMENTARY THICKNESS

In some areas of the U.S., particularly in thestern tates, there is a lack of
sufficient sedimentary thickness to successfully storei@@e subsurfaceis previously
mentioned, C@needs to be stored deeper than 7¥lemsbelow groundwater leveto
maintain its supercritical fluid state. If there is less than 750 meters of sediment thickness,
then the top window is deeper than the total extent, and thosnventional supercritical

storage potential is available in this location.

2.4.2 GEOLOGIC AND TOPOGRAPHIC CONSTRAINTS

When considering the extent of potential Cforage|t is important to consider
the constraining impact afifferent types ofock on storage. F@xample there are types
of rocksthat donot have matriporosityandpermeability only fracture permeabilitySuch

rocks include Precambriancks(conterminoud).S. Schruben et al 1997, Alaska: Wilson
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et al 2015), metamorphic rocks, and glaciers (Garrity and Soller, ZD@®)areas where
these types of rock exist have been excludenh fpotential CQ storageconsideration
Storage in igneous rock excluded fronthescope of this work, and thus has been included
in the geologic constraint criteria.

When considering the extent of potential {&®rageit is also necessary &xclude
areas of steep elevatione(,, mountain ranges) where storage infrastructure construction
and logistics are complicated. For the conterminous U.S., this work has only highlighted
the Appalachian and Ouachita Mountain ranges (spatial data tadtanMarshak et al.
2017).For Alaska, DEM data (Porter et al. 2018) was utilized to filter out any areas with
an elevation higher than 1000 meters. The results of this DEM filter show the extent of all

three main mountain ranges in Alaska.
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Chapter 3: PressureBasedCO. Storage CapacityMethodology

3.1 INTRODUCTION

In recent yearsthere has been a shift frorolumetric capacity estimates to
pressurebased capacity estimatékhis is due to thenderstandinghat pressuréuild-up
from CQ injectionis akey limiting fador for capacity estimates aimglmore relevant to
project costs than the saturation of the injec@€d plumeused inpreviouswork. If the
pressurancreasds not properly managed, the subsurface can become overpressured and
cause unwanted consequences, ssdnacturing of the injection zone or confingystem
andwould exceed the specifications of Class VI perniikés issue becomes more pressing
for large-scale CCS deploymerdlevating importance for this work looking at laigmale
injection.

This study focued on optimizingregional storage capacity estimates using a new
conceptdefinedaspressurespace(Bump and Hovorka, personal communicatjomfich
delineatesthe areaextent caused bypressureincreasefrom CO; injection, and more
importantly, the maximum arka&xtent of a CCS projecDr . Bumpbs pressur e
concept builds upon the work done by Mathias et al. (2009) and Van der Meer and Yavuz
(2009) on the screening and selection of CCS project sites based on pressure Asildup.
CQO is injectedinto the subsurfageaheresultingpressurencreaseexterds outwardfrom
the injection well, surpassing the plume itg€igure 3.). Since the extent of the pressure
increasas the maximum amount of area affected by.@@ection within a CCS project,
it can be considered as the total area of a CCS project.

More importantly, establishing the pressure space netmedipport a project
directly relates to thtal storage costs related to a project. The co@B @ind 3Dseismic

explorationof the project sitemonitoring, and acreage of pore space lease all depend on
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the extent othe project itself. As an example, high resolutionsismic on flat terrain

can cost up to $25,000 per mile (NETL, 2013).

Injecting CO,

Saturation plume Pressure Space

H

Figure 3.1: CQ@saturation plume and pressure build (Pressure Space) propagation in
the subsurface (modified from S. Bakhshian, unpublished figure).

Additionally, pressurespaceis a key concept that can clarify overlapping intesest
such assubsurfacepore spaceroperty rights, from parties involved in thiargescale
deploymentof CCS, which includeinvestors,regulators,and landownersRules and
regulations in the U.S. as to who owns the pore space within a geologic reservoir are
administered by states (lveMoore, 2022).In many statespore space ownershiig
allocatedto the land surface owner. However, pore space is not limited by surface
boundaries(e.g., stateor nationalboundaries); consequentlit, is likely that multiple
landowners could be involveith a single CCS project. Some argue that ownership should

be vested to the public to hast€CS deployment (Zadick, 2011), but regardless of who
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owns the pore space, if there is no clear delineation of the legal property inolasgk
scale deploymerdf CCS is not possiblgish and Wood, 2008T.herefore, pressure space
anddelineating theotal areaof a projectcome into play if the area per project can be
establishedthen pore space ownership discussions between regllEtndowners, and

investors can be clarified and solved.
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3.2 CALCULATING PRESSUREBASED CO2 STORAGE CAPACITY

Pressurespace considers the induced pressure increase and propagation from

injected CQ within a porous volume in a given gegic formation(eq. 3.2:
0OCAOCODBAAA T I T xAMARHOAAAAGABAT O A o9
PressurdasedCO; storagecapacitytakes the concepts of pressure space as given

in equation 3.1, and can be rewritten with the following parameters:

626 2" 7 gz5z°Y0 OO
PTTT

Where the parameters are:

0 wn is PressurdasedCapacity (inmillion tons Mt) of CQO,)

0 is PressuréncreasgMPa)

0 is Total Compressibility (1/MPa)
" is CQ Density (kg/m)

i is Porosity (decimal)

A s Area (m)
SWFT is Storage Window Formation Thickness (
0dO is Net to Grossnjectable interva{decimal)

3.3 PRESSUREBASED CO2 STORAGE CAPACITY PARAMETERS

The parameters considered to calcufatssurebasedCO, storagecapacityare a
combination ofl) input data from sources liketigu | f Coas't cécdeon Cent e
CQO, Brine database (GCCC,2012nd U. S. Ge o [Carlgpin Ricxitle S®nagev ey 6 s
Assessment (USGS, 2013)) calculatedparameters from input datag(,, Midpoint
Formation Depth MDF), and 3) calculated parameters derived from other calculated
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parametersig., CO. density) The acquisition osupplementarinput dataand processing

will be further discussed in Chimp 6.

3.3.1 STORAGE WINDOW FORMATION THICKNESS

The Storage Window Formation Thickness (SWHikter$ is the total thickness
of a given reservoir formation within the sedimentary.@Grage Window (SSW)he
goal is to omit anpart of thegeologicsection thatvould not be feasible to store €long
term.
The USGS database (USGS, 2013) provides storage window formation thickness

data, butwo stepsare required to calcula@®WFT for the GCCC database

1. Delineatethe Storage Window Area (SWAneterssquareft The SWA is the 2D
spatial extentalculatedrom subtractinghe depth to top window boundafnefer
to section2.2) from depth to formation (DFmeter$ input data as shown in
equation 3.2 The SWAboundarydelineates the start of the calculated positive
results (> 0) which means that anything within this SWA boundary is considered
for storageConsideratiomf the bottom storage window boundary is not necessary,

as the formation depth extent cannot exceed the depth to the bottom boundary.
YOO 00 0QMMOE@E 0L QDI ® oD
2. Clip the Formation Thickness (FT) input data utilizing the SWA. The FT input data

i s then cropped to matuwthi Itihzei rSgVTArsc @IDS & a
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The Gulf of Mexico (GOM) reservounitsare an exceptiostep 1(above and do
need to consider the bottom window boundzggausé¢ h e G O M6 SSWhaundary m
is not the sedimentary rock thickness vertical extesther, it is thedepth to top of

overpressure (refer to secti@ar8.4).

3.3.2 AREA

The area under consideration for this spatial database is an arbitrary, standardized
area describing the size and extent of the data. Thuatdheutilized to calculafgressure
basedcapacitystems from the minimum gridded spatial data resolution found from the
input data In this scope of work, that translates to an are25¢300,000 rhor 25 knf.

This remains constant for all data calculations, regardless of the input data.

3.3.3 NET 7O GROSSINJECTABLE INTERVAL

Net to Gross (N:G)njectable interval is a geological term used to describe the
thickness of permeable, prospective reservensusthe overd interval thicknessThis
includes both carbonates and siliciclastic sedimentary rock reseiMogdN:Ginjectable
interval is usually expressed as a percentage or decimal fraction, with higher values
indicating a greater proportion pérmeable reseoir to nonpermeable reservoilt is an
important parameter used in petroleum geology and reservoir engineering for evaluating

the quality and potential productivity of a sedimentary rock or reservoir.
3.3.4 MIDPOINT FORMATION DEPTH

Midpoint formation depth (MD, meter$is calculated bpdding half of the storage
window formation thickness (SWE Tetery parameter taepth totop of formation(DF,

meter$ input data
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3.3.5 POROSITY

Porosity is defined as the percentagéwdl-filled space within a given volume of
rock Over time therock is buried and subjected to increasing pressus undergang
compactionThis procesgenerallyleads to a reduction of the volume of the rock and as a
result decreases its primary porosity. The amount of compaction and porosity reduction
depends on the type of rockaximumdepth of burialdiagenesisand the temperature and

pressure conditions.

3.3.6 RESERVOIR TEMPERATURE

Reservoir temperatuilie a key parameteo calculatepressurebasedCO; storage
capacity Other parameters needed for storage capacity calculations, sG€h density
(refer to section3.3.10 and brine compressibility 3(3.9, incorporate reservoir
temperaturelata.

To calculate the reservoir temptna, it is necessary to consider the natural
variations in both t he ekanplevar@atonsadnlitholegy and
(i.e.,,sandstone versus granita)d crustal thicknesseatea range of geothermal gradients
t hroughout t.Bwefac&tamperatwes throughost the U.S. also experience
variationsdue to seasonal changes and climatais, aregional geothermal gradient data
map (Blackwell and Richards, 2004nd anavelage surface temperature data map (Fick
and Hijmans, 2017) were utilized in this reservoir temperature assesssrneptit data.

The geothermal gradient (G, C/km), combined with the average surface
temperature”{yh°C) and midpoint formation depth (RD, metery make up the reservoir

temperaturef, °C) (eq. 3.5).
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3.3.7 SALINITY

Salinity is an important input data paramebecauset partly determines the
allowable pressure increase within a reservoir. The salinitypaha determines the brine
density which in turn affects the compressibility of a brine fluil higher brine
compressibility would lower the total allowable pressure increase within a reservoir.

Discussion on the source of data utilized for salinitylmafound in sectiob.2.6

3.3.8 PRESSUREINCREASE

Pressure in the subsurface increases with depth due to the stress exerted by an
increasing overburden of rock aridid (i.e., brine water)with depth. A hydrostatic
pressure gradient, or the pressure exerted by a coluffuidyfincreases at arourid.52
MPa/km (.465 psi/ft) for subsurface brinegTiab and Donaldson, 20L6A lithostatic
pressure gradient, or ttetressexerted by layers of rocktacked on top of each other
increases d#2.6 MPa/km(1.0 psi/f) (Tiab and Donaldson, 2016To find the hydrostatic
(0 F 0 oor lithostatic pressure)(F) O at a given depth in a reservoir formation, the
Midpoint Formation DepthMPD, meter$ parameters multiplied by the hydrostatic or

lithostatic pressre gradienfEq. 3.6 and 3.7).

. ﬁ)z-0$

PBC i oD
. z'O$

c@cpnnn o
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However, pre volume in the subsurface is already saturated with ;fluid
consequentlythe injection of CQfor storage purposes within this saturated porous volume
can lead to the destabilization and fracturing of the rock ifpive volumebecomes
overpressureddne method to estimatbe pressure at which the rock will fractuhee to
overpressures by ush g E aMethod(Eaton and Eaton, 1997yrmmarized in eq3.8

belowEat onds f r alc tisunrueits gfMPa.s sur e (

To calculate the fractuggressureo o i nt , Mdhad considess three variables:
the lithost ati ¢ and hydrostatic pressures as di
Poi ssonds r atD lorizanwlste veitidatbractionalsteess transmissivity
behaviorratio of arock, with a higher v valuendicatingthat the rock transmits moséress
vertically than horizontallyPoi ssonés r at i o -lttoyObi(Sokolnikoff, r anges
1983) for different types of solid materials€., metals and mineralsyith sandstones,
shales, and carbonate rocks averaging around 0.2, 0.3, and 0.3, respectively (SLB Energy
Glossary) Analyses orMt. SimonFormationsandstone cores from the €§equestration
demonstratiorproject atDecatur ILr esul t ed i n atweP0l4®©0.876s r at i
(Morrow et al 2017)For simpl i city, this scope of work
ratio of 0.25 for all the given reservoir formations.

The difference between Eatonds fracture p
as Effectve Stress0 ) 0 §) which translates intdhe amount ofpressure increase
within the porous volume required to fracture the rock, as well as thegionttichthe

rock becomes overpressured. Effee Stress is summarized in e@®elow:
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As a precaution to avoid overpressure, the presserease(0 ) considered for
pressurebasedCO;, storagecapacity calculations is onl90% ofthec al cul at ed Eat o

fracture pressure minus the hydrostatic pressas@escribed $ eq 3.10 below.

0 T8z 0 0 o T

3.3.9 ToTAL COMPRESSIBILITY

Compressibilityis themeasure oafluid o r a wlanheictthrige as a response
to pressure changexerted uporsaidvolume. The porous volume in which theQ; is

injected and stored wittxperience increasirgressureand thus will also be subjected to

compressibility. To account for the compredgy of both the fluid(® h—) and solid

rock unit & h—) in the porous volume as a response to the pressure changes.for CO

storagecapacity calculationghe following relationship is establishedhered is thetotal

compressibility of the porous volume

6 © 0 op p

The compressibility ofock andbrine calculations areerived from Mathias et al.
2009,whoalso provide a methodology for estimating pressure buildup duemj@gion

for CCS purposed.he equations are as follows:

IpT PP
p va@xn 8

0B C

42



pTUL
X8t 0 B0 VT PLZIVITLVLOXYY TTMOOTT

o o

where hydrostatic pressur® is in psi units,porosity ¢ is in decimalsand

reservoir temperaturéY is indegrees Fahrenheit.

3.3.10 CO2 DENSITY

Calculatingthedensityof a gas or fluidvithin areservoir requires consideration of
the relationship between pressure, volumelar massand temperature as described by
the ideal gas law. The ideal gas law (PV = nR33umes that the gas occupies a large
volume, and that thmtermolecular forces between the particles are negligimeever,
at burial temperatures and pressuvdsere CQ is stored theCOy is supercritical anthe
ideal gas law no longapplies.

To account for the behavior ohanideal gasinder high tenperature and pressure
conditions, the compressibility factor (Z) is used as a modifier to the ideal gas law. It is a
dimensionless number that represents the deviation of the actual volume occupied by a gas
from the ideal volume predicted by the ideal d¢@s since it reflects the effects of
intermolecular forces of a gas at a given pressure and tempe@tvaties less than 1
indicate that the gas is more compressible than an ideal'lgasdeal gas law with the

compressibility factoZ can be rewritte as:

. LZw o
O — 1
YzUY
O 0 0 oP v
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where P ighe finalpressure in MPa, V is molar volume %R is the gas constant
8.314 J/mokK, and T is temperature in Kelvin (KAllowable pressure increasg § and
hydrostatic pressur® () are discussed in sectiBrB.8

Several equations of state solve for density of a gagiven pressure and
temperatur@ave beeproposed in the past couple taes,(e.g.,van der Waals and Peng
Robinson. For the scope of this thesis, the P&twpinson equation of stagRobinson and
Peng, 1976yvill be utilized to calculate C&density.Solving for Z, thePengRobinson
equationof state is as follows (Elliaind Lira, 2012)

p 0 (o ]y (#8)

=2 6 7 o @

p OTH 6 0
P&

€io

where A and B are dimensionless form&wipirically determineg@arameters that
depend on the properties of the gRearranging eg3.16 to solvefor Z results inthe
following cubicPengRobinsonequation of state

&) p 0z 0 ab ¢c0 z®d® 00 O 0 ] oP X

With the real solutiof Z from eq 317, the molar weight of C&(44 g/mol), and

a rearranged version of eql3to solve for V,COz density ” h— can becalculated:
) T T TRl
@0z YZ"Y o® Y
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Chapter 4: CO: Injectivity Methodology

4.1 INTRODUCTION

Injectivity is a term used in CCS to describe the ability of a fluid or a gas to be
injected into and through a porous volume in the subsurfdeeeasier it is for the fluid
or gas to be able to flow within the porous volume, the higher the rate of injection, which
meanshigher injectivity of said fluid or gaslinjectivity is influenced by several factors,
including the physical properties of tgeologic reservoifi.e., permeability and the net to
grossinjectable intervalithin the reservoir thicknesghe pressure and temperature of the
fluid or gas, and the presence of impurities in the fluid or gas.

Quantifying CQ injectivity is importan for the development afewCCS projects
Quantification of CQ injectivity can help determine how many wells are needed per
project to reacklefinedstorage goalever time(i.e., 1 million tons ofCOzis input into the

economic feasibility of the projéc

4.2 CALCULATING CO2INJECTIVITY

Injectivity is usually calculated from field injection and pressure data from a well.
Previousnjectivity studieJGuo et al. 2008, Valluri et al. 2020) foeakon the injectivity
index (J) to characterize the capability of a well to injeat into areservoir Reservoir
properties such as permeability, size, and thicknvesproperties (diameter and design),
skin factor,two phase relative permeabilityjdiion, and pressure drdpm the wells are
consideredThe injectivity index (J) as a radial steady state flow around a vertical well
(Guo et al. 2008) is summarized below in eq, Where k is permeability, h is thickness,

and the denominator variablase related to the formation and bottom hole pressure
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However, well pressure data is not readily available at a regional éxeko the
injectivity calculatiors for this scope of workave beesimplifiedto dependsolely on the
permeability and thickness of the reservBnevious work has demonstrated that injectivity
calculations basedn permeability and thickness aregaod, simplifiedproxy to the
injectivity index, since the relationship between injectivity aedmeability/thicknesss
linear (Hoffman et al. 2015, Valluri et al. 2020)

Thus,in this studyjnjectivity (1) is estimatedoy multiplying the permeability (k,
milli darcy) of the porous voluméy the storage window formation thickness (SWFT,
meters) and the net to grasgectable interva{N:G) as shown irqg 4.2 below.Injectivity

is in units of millidarcymeters, which is abbreviated as mbD

) YR O 8

4.3 CO2 INJECTIVITY PARAMETERS

SWEFT and N:G are al900; storagecost estimation input parametgwghich have
been discussed in detail in secti@3.1and3.3.3 respectivelyThe remaining parameter,

permeability, will be discussed below.

4.3.1 PERMEABILITY

Permeability of a rock refers to the ability of a rock to allow fluids, such as water
or gases, tpass through itt is a measure of theressure drop required to drive fldidw

through a material. Permeability plays a critical role in various natural processes, including
46



groundwater movement, oil and gas extraction, and carbon storage and seguoestra
(CCs).

In the context of CCS, permeability is a crucial factor that affects the success of
CCS projects. Permeable materials, such as porous sandstones and fractured rocks allow
CO2 to be injected into storage reservoirs. Laygress permeable matels, such as
shales, act as barriers to vertical migration of buoyant CO2, retaining it in the reservoir.
Therefore, understanding the permeability of rocks in potential storage sites is essential for
identifying suitable locations for injection and ensg the longterm retention and

effectiveness o€O; storage projects.
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Chapter 5: CCS Project StorageCost Analysis Methodology

5.1 INTRODUCTION

This chaptefocuses on calculating storage costs based on the optimized pressure
based capacity and injectivity calculatgdefined in chapters 3 and 4, respectively. The
conversion from capacity and injectivity into coare based orquatiors developed by
Dr. Bump Bump 2023, written communicatipnwhile the storage costs are based on a
newcostmethodology Hovorka 2023, written communicatiprThe equations utilized, as
well as both methodologies, are briefly summarized in this chapter.

It is important to clarify that the storage costs caladan thisanalysisassume a
constant capacity of 20Mt, where 1 million metric tons per yeavitpa) are injected
throughout &20-yearproject timeframeThis simplification setting of a project scale and
duration isnovel andallowed for the analysis ohé area needed per project (pressure

space).
5.2 TRANSLATING PRESSUREBASED CAPACITY AND INJECTIVITY INTO COST

To quantify storage costs per project, theretase main conceptsderived from
pressurebasedcapacity andnjectivity results 1) Areaperprojectand2) Wells needed to
inject 1Mtpa Area per Project is specifically derived from the quantificatiocapicity
in a given areayhereaghe wells needed to inject a certain raredirectly related to the

injectivity available within the same area.
5.2.1 AREA PER PROJECT

The Area per Projecin this scope of workdescribes the total area necessary to
develop a CCS project that aims to stordVR(of CO, at a 1Mtparate for 20 yearslo

calculate the area pproject the capacity pelareaneeds to be calculated first.
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Capacity perarea (6 @ h— is the result from dividing theressurebased

capacity 6 1), Mt) calculated in sectiof by thearea (A, in kn?) defined in section
3.3.2 which convertscapacityinto a calculation thavaries spatially per 1 kfnarea.

Capacity per area summarized in eq. 5.1 below:

L
Thearea pemproject © HRQd s then calculated by dividintpe total capacity
of 20 Mt by thecapacity pelarea asshown below in eq. 5.2:

C T
0 W

Lg

5.2.2 NUMBER OF WELLS NEEDED TO INJECT 1 MTPA

The calculation to get the number of wells needed to injddtph is based on the
simplifying assumptions presentedthe paper authored yoffman et al.(2015. The
results presented in Hoffmarpaper show different injectivity thresholds per injectivity
rate, which included a minimum of 10,000 rDto be able to inject Mtpa within a
reservoir. The threshold classification stems from reservoir injgctijuality based on
onshore CCS research projects, such as De@@ulfakota and McDonald, 2014)nd

Cranfield(Hovorka, 2013)Thus, the number of well@Vellg needed to inject Mtpais

calculated by rounding up to the né&lpaest

injectivity threshold by the calculatedjectivity (I, mD-m):
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53 CCSPROJECT STORAGE COSTS

As part of this study, a nestoragecost catulation methodologyHovorka 2023,
written communication is based on the area per projeét ( ), derived from the
optimized pressurbased capacity calculations, and number of wéllslly, derived from
optimized injectivity calculationsThis nev storage cost methodology results in both
storage costs per project and storage costs per ton.0NG@thatthecosts only consider

storagerelated costand do not consider capture nor potential transportation costs.

5.3.1 STORAGE COSTS PERPROJECT

The new storage cost methodology takes into consideratiffarent cost
categories, includinghe costs of developmengxploration, monitoring, closure, and
general benefits to the community from a CCS profemteach category, there are separate
costitems to be considered. Fexample explorationrmay include2-D andor 3-D seismic
surveys costs based on distance per survey. Table 5.1 summarizes the costs per category

defined byHovorka 2023, written communication.
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Category Abbr. Item Cost ($ USD)

Development D Injection well per 1 well $ 3,725,000.00/well
E2p 2-D seismic survey, per km,
$15,625.00/km
Exploration per line
Esp 3-D seismic Survey per kin | $100,000.00/ krh
M Monitoring per kmi of project
Monitoring $8,580,00.00/ km
area for 20 years
PS Porespace lease per Km $7,500.00/ km
Pore Space
PS Bonus per krhfor 20 years $2,000.00/kn%
Lease
PS Landowner fee per ton of CO $3.00/ton
Closure C Insurance and closure fee p¢
$0.10/ton
tonof CO,
Community Cs Community benefits fee per
$0.10/ton
benefits ton of CO;

Table 5.1:Storage costper project as defined by theethodologyfrom (Hovorka 2023,
written communication

Thestorage costs per project, in units of $ MM U@iillions of US dollars), are

then calculated by adding all cost categories toge#iseindicated in eq. 5.4 below

0QL W@ O L8 W

Own WMo ¢cz0 ¢z 06 zmu @z 0O L8
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5.3.2 CO2STORAGE COSTSPER TON

To calculate storage costs per ton, the total storage costs per project are divided by
the assumed COnjection rate per year and the expected longevity of the project, which

are 1Mtpaand 20 yeardJnits of storage costs aire $USD per ton of C®

Yo £ i GEQQPRI T ¢ QB O
C iZpm mmdé HiQOQDI

YO € 1 GEQQPQRI € €

5.3.3 CONSIDERATION OF COSTS WITHIN THE STORAGE WINDOW

For areas where storage potential exists but the geologic data parametkte
calculate capacity and injectivity do not exist, we estimate storage costs based on the
statistical results from areas where storage ca®savailable andvere calculatedin
addition to storage costs per project detailed in eq 5.4, the new storage costs for the storage

window consider additionalP seismic exploration costs, as well as additional exploration

52



wells required to find a viable site. We assume the exploratidnmection wells costs
(D) are equalThe 90" percentile (P90) of the storage costs per projsilts, as well as
thed0" percentile of the area of project
scenarios for these aredfwus, the storage costs per project within the storage window
be calculated as indicated in eq. 5.6. Additionalg, $torage costs per toalculation (e.

5.5)remainthe same for these areas where no geologic data exists.

Yo £ 1 &0 D TYO € | GOEQQPR0 1 ¢ QQ@d Ov T 2’0 gz0 v
Yo £l GTROE O v @ < ®
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Chapter 6: CO2 Capacity, Injectivity , and Costdatabase

6.1 INTRODUCTION

As part of the scope of wodnd final deliverablef this thesis,@ma at i o €@&i de 0
Capaciy, Injectivity, and Cosh database was creatdzthsed on the methodologies
described irChapters3 through 5.This chapter goes over the acquisition and description
of the different sources oflata used to calculafgessurebasedcapacity injectivity and
storage costs per tdor a list of availableeservoirs throughout the U,&s well aghe
processingf said different sources of data to amgfied dataset. Further on, this chapter
also describethe structure of the database created for this thesigell asintroducinga
data quality rankingomparingthe different sourcesf data utilizedo create the database
The data acquisition and processing of the sedimentary st@age window data

summarized in Chapter 2 are not discussed in this chapter.

6.2 DATA ACQUISITION

There are two main sourced data utilized to calculate and create fi€O;
Capacity, Injectivity, and Co8tdatabase, which includes the.S.Ge ol ogi c al Surve
(USGS) Carbon Dioxide Storage Assessment database (USGS, 2013) and the Gulf Coast
Carbon Centerds (GCCC) COZ2EabBhroftheedatd3etstaceb as e (
pioneering work aimed to show that the volumes that could be injectethensubsurface
are sufficient at scales relevant to climate change reduction and the overall favorable
deployment of CCS across thkeS.

Both the USGS odgnd dataltasetadk SoB\@fitle data needed
to calculatecapacity andnjectivity (i.e.,salinity) and so requirsupplementary sources of

data b complete the datase®upplementadlata sources and methodologies are discussed
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in this chapter. Table 6.1 summarizes the data availability for both the GCCC and USGS

data sources
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Input Data Abbreviation | GCCCID | Supplementary Data USGS ID Supplementary Data
Section Section

Depth to Formation DF 001 N/A Depth to SAU N/A
Formation Thickness FT 003 N/A SAU Thickness N/A
Area A N/D 3.3.2 SAU Spatial Area 3.3.2
Porosity B 014 6.2.2 Net Porous N/A
Permeability Kk 002 6.2.2 Permeability N/A
Salinity S 012c 0 N/D N/A
Net to Gross Ratio N:G N/D 6.2.2 Net Porous Thickness N/A
Surface Temperature Y N/D 6.2.3 N/D 6.2.3
Geothermal Gradient G N/D 6.2.5 N/D 6.2.5
Poisson Ratio v N/D 6.2.7 N/D 6.2.7

Table 61: GCCC and USG$put Data originatlata IDs, availability, and supplementary dataurce /methodologgonsidered
for this scope of workEach supplementary data source is described in detail in different sections throughout the
thesis.N/D = no data available or taken from this soufd® = Not Applicable.SAU = Storage Assessment
Unit, used in USGS, 2013 study as a reservoir metri
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6.2.1 GCCC CO2BRINE DATABASE

The CQ Brine databasé&om the Gulf Coast Carbon Center (GCC&dntains
griddeddata for 25different geologic reservoirs withitS sedimentary basins that have
been identified to have GQtorage feasibilityOne of the advantages of having gridded
data is that iprovides continuoysigh-spatial resolutionlata over a surface, which means
thequantity and resolution of the data is much better, torexamplea point or contour
type of data.

Thedatabase contains more data thasutilized inthiss t u dcpp@ ef workFor
the sake of simplicity and data compatibility with other sourcesohly data utilized are:
1) Depth to Formatio(DF), 2) Formation Thickness (FT3) Porosity § , 4) Permeability
(k), and5) Salinity (S). It is important to note thagermeability values were capped at 300
mD for all formations.

The type of data between the five data souv@@gesbetween gridded data and
single average data values. Fetample depth andthickness offormation for all 25
reservoirs are gridded datAs for porosity, permeability, andsalinity, the data ranges
between single values to gridded data, with some data Gapte 6.2 below summarizes

the type of data and data values for all G5 reservoirs.
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GCCC | System . GCCC Porosity | permeabiity | Salinity
ID ID Basin System Reservoir Name| () (k) (S)
Anadarko and
1 3 Southern Cambrian | Arbuckle Group| 0.03 1 9999
Oklahoma
Basins
2 | 10 | Aepalachian |5 onian Oriskany 9999 | 9999 | 9999
Basin Sandstone
3 14 Atlantic Coastal Cretaceous Lower Potomac 0.20 300 N/D
Plain Group
4 | 14 At'a”gfaﬁloa“a' Cretaceous |  Cape Fear 0.20 300 N/D
5 14 Atlanglcaicrioastal Cretaceous Tuscaloosa 9999 300 N/D
6 | 21 B'aCE';‘aVSViﬁ”'” Mississippian|  Pottsville 010 | ND | 9999
7 22 Denver Basin Permian Lyons Sandstond N/D N/D N/D
8 31 Illinois Basin Ordovician St. Peter N/D N/D 9999
9 | 36 | LOsAngeles | \iicene Repetto 0.25 N/D 9999
Basin
10 37 Michigan Basin Ordowc!an Mt. Simon N/D N/D N/D
Cambrian
11 41 Palo Duro Basin| Paleozoic Granite Wash N/D N/D N/D
12 44 Permian Basin Permian Dean 9999 N/D N/D
13 44 Permian Basin Permian Queen 9999 N/D N/D
14 44 Permian Basin Permian San Andres 9999 N/D N/D
15 44 Permian Basin Permian Spraberry 9999 N/D N/D
16 44 Permian Basin Permian Wolfcamp 9999 N/D N/D
17 44 Permian Basin Permian Yates 9999 N/D N/D
18 45 Powder_RNer Cretaceous Fox Hills 0.21 50 N/D
Basin
19 54 San Juan Basin Jurassic Morrison N/D N/D N/D
20 | 56 Souég;'r‘]’”da Cretaceous |  Cedar Keys 0.25 20 9999
21 58 U.S.Gulf Coast| Oligocene Oligocene 0.22 N/D N/D
22 61 U.S. GulfCoast | Cretaceous Woodbine 9999 9999 9999
23 61 U.S. Gulf Coast| Cretaceous Paluxy Sand 9999 N/D N/D
24 57 U.S. Gulf Coast Eocene Wilcox Group 0.25 N/D N/D
25 69 Williston Basin | Carboniferous Madison Group | 0.10 N/D N/D

Table 62: GCCCporosity, permeabilityand salinityinput data. Inputs marked with 9999
indicate that the data providedimsagriddedformat N/D = No Data.
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Figure 6.1: GCCCos [ dat abase 25 r62doe |
reservoir labels.




USGS6s Carbon Dioxide Storage Ass:




Figure 63: USGS Basimxtents compiled from USGS Carbon Dioxide Storage Assessment (USGS, 201



6.2.2 U.S. GEOLOGICAL SURVEY CARBON DIOXIDE STORAGE ASSESSMENT

In 2013, the U.S.Geological Survey released their Carbon Dioxide Storage
Assessment repoaind database (USG3013)in whichthey identified and analyzeib2
potential CQ storage assessment units (SAU) witBisedimentary basins in theS. A
SAU can either be a singtgologic formation or a grouping of formatiodentified to be
favorable for CQ storage Partof their assessment consisteldaveragingporosity and
permeability well data to calculate stafmolumetric) CO, capacity for each SAU. The
resulting database consists of spajlygon)and tabular datavhere each SAU has one
single valueof input data i(e., depth toformation,porosity,formationthickness, etc.) per
SAU. The data utilized by the USGS originafe®r m t he Nehring Associ a
database (Nehring Associates Inc, 2012)

In somecasesthe USGS databageovided supplementaryorosity, permeability,
and N:Gdata to the GCCC databadéhe single valugorosity andpermeability values
from the R\Us are applied to either the partial or entire extent of the GCCC spatial data.

Section6.3.2delves more into details

6.2.3 USGSBASIN EXTENT DATA

TheUSGSbasin extent data i s extracted from
Assessment databaSeh e USGSO0s SAU spatial @eatttent dat a
basin extents asappedin Figure 6.3.The SAUs pending publicatiofe.g.,such as the
ones found wit thelllinois, Michigan, and Appalachian Basins) were substituted by the

USGS Total Petroleum Assessment spatial data for these basins.
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6.2.4 SURFACE TEMPERATURE

The surface temperatudatasetitilized in this scope of work stems from the work
from Fick andHijmans (2017) on an annual mean surface temperatisideddataset. The
weather data was collected from between 9,000 to 60,000 weather stations between the
years 1970 and 2000. For areas with low station density, the study utilized satellite data to
conpensate foanylack of dataSurface temperature is important to calculate the reservoir
temperature, as explained in sect®B.6and summarized by equation 3.5.

Tofind the surface temperature for each potentia &§Grage reservoign average
measure of the mean surface temperature was calculated by utilizing the basin extents and
the ArcGIS zonal statistic tool. This tool takes spatial data and outputs statistics from the
data within the spatial extent. Thesther areservoir fromG C C Cdatabaser an USGS

SAU within the same basin contaithe same surface temperature datatgoin

6.2.5 GEOTHERMAL GRADIENT

The geothermal gradients utilized in this scope of work originate from the work
done within the SMU geothermal IgBlackwell and Richards2004).As with surface
temperature, the geothermal gradientais important input for calculatingreservoir
temperature (refer to secti@3.6and eq. 3.5).

Although Blackwell and Richards (2004Jo provide the original well data to
calculate a geothermal gradient gridded dataset, they did not publish the gridded dataset
itself. Only image maps are available for the pubdicuse. So, the U.Blackwell and
Richards (2004)geothermal gradient map was georeferencedittthe extent of the
conterminous U.Sin ArcGIS Pro The basin extent dataere then overlaid on the
georeferenced geothermal mapestimate the geotherngadient on a basiwide level.

Both the USGS and GCCCb6bs databases share
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Figure 6.4: The 32 Sedimentary Basins considered for CO2 Storage overlaying the Geothermal Grad
from the SMU Geothermal Lab (Blackwell and Richards, 2004).



6.2.6 SALINITY

For the scope of this study and for areas with no salinity data available, salinity is
based on Ferguson et §2018. Geologic reservoirs within sedimentary basins tend to
havelow structual relief Fergusoret al. (2018)nvestigatedhe driving force ratio (DFR)
found within thestructural reliefof said geologic reservoirs relative to badepth and
found that this ratio predicts the presence of stagnant brines within the reseivigineA
DFR ratio indicates a lower topographic relief within a basin and a higher salinity
concentrationThe paperconcludeghatbasins with DFR > 1 contain brines with a saline
concentration of over 0.1 kg/L. Thus, basins with a DFR>Ireeesented with a value
for salinity of 0.12 kg/L, while basins with a DFR < 1 are represented with a salinity of

0.08 kg/L.

6.2.7 POISSONRATIO

Poissonds ratio -1ty @5 (Sakdnikgff, 1088)nfay different r o m
types of solid materials.€., metals and minerals), with sandstones, shales, and carbonate
rocks averaging around 0.2, 0.3, and 0.3, respectively (SLB Energy Glossary). Analyses
on the Mt. SimorFormationsandstone cores from the €€8equestration demonstration
projectat Decatur, IL.res | t ed i n a Poissonds ratio betwee
2017). For simplicity, this scope of wodssumeg onst ant Poi ssonb6s rat.i

the given reservoir formations.
6.3  DATA PROCESSING

One of the bigger challenges when creating O, Capacity, Injectivity, and
Cosb databasevas processing and unifying datasets that do not match with one another.

Forexample t he GCC @fidsed dagaypadidanst match the spatial extent nor
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the resolution of the USGS formatiovide single data \aes. This subchapter explores
how the GCCC and USGS individebidyfirst bedoseensrgingetoe al t er

one single database.
6.3.1 CONSOLIDATING USGSDATA

The first stegn unifyingt he USGS and the GCCCb6s dat aba:
the 182 SAU formations inta total of74 Systems. The Systems category is already in
place in the USGS6s original dat athadata, and i
per SAU was consolidateeither by summing the data values per SAld.(Storage
Window Formation Thickness, and N@brousThickness), averaging the daia (, Depth
to Formation, or generating a weightedverage of the data valuese(, porosity and
permeability). Table 6.3summarizes the resulting values from consolidathmgUSGS
database from SAlbased to Systetbased.
The N:G values are derived from the newly consolidated Systes®d Storage
Window Formation Thickness (SWFT, meters) and RerousThickness data (NST,

meters), as seen in the relationsbgbow:

0 Y'Y
Yo 'O'Y e

0do

It is important to note that N:G values were capped at 30% for all Sysiéss.
was done to remove apparent sampling error in some basins which reftocted
prospective storage formations BuiG was also high, suggesting that it wassed on

measurement only imtervals favorable for injection.
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GeothG -
SylsDtem Basin System DF (m) S\(/XST '\?::)D g /?) Porosity '(Dnian)] Surgo'l('smp (°(r:7|?m) S(Eg?ﬂt)y
1 Alaska North Slope Carboniferous 3700 500 3959 14 0.13 46.85 -10.76 25 0.08
2 Alaska North Slope Cretaceous 1757 500 2007 20 0.13 12.99 -10.76 25 0.08
3 Anadarko and Southern Cambrian 3962 500 4953 10 0.08 1 14.88 30 0.12
Oklahoma Basins

4 A”gi?;ﬁgr?]’;d;‘;ﬁger“ Devonian 3810 125 3924 10 0.08 3.91 14.88 30 0.12
5 Ang?(?;ﬁzzgdBSaZiurfgem Mississippian | 3399 300 | 4191 | 10 0.10 13.12 14.88 30 0.12
6 A”gi?;ﬁ%;’;dBi‘;ﬁgem Permian 1471 500 1737 10 0.13 5.75 14.88 15 0.12
7 Appalachian Basin Oég?‘:’l')cr:zg 2286 610 2501 5 0.08 3.00 9.88 25 0.12
8 Appalachian Basin Lower Silurian 2286 61 2316 50 0.09 13.00 9.88 25 0.12
9 Appalachian Basin UpperSilurian 2134 76 2172 12 0.10 16.00 9.88 25 0.12
10 Appalachian Basin Devonian 2134 61 2164 10 0.07 1.00 9.88 25 0.12
11 Arkoma Basin Ordovician 2438 1433 3155 23 0.10 10.00 16.09 30 0.12
12 Arkoma Basin Sg‘\‘/gﬁ?ﬁn 2438 82 2479 11 0.07 5.00 16.09 30 0.12
13 Arkoma Basin Carboniferous 2743 76 2781 4 0.11 10.00 16.09 30 0.12
14 Atlantic Coastal Plain Cretaceous 1003 696 1351 30 0.26 818.41 16.88 20 0.12
15 | Bend Arch and Fort Worth Basir ,\%‘l‘l’g’;‘%’l‘m 1372 610 1677 15 0.10 1.00 17.89 20 0.08
16 Bend Arch and Fort Worth Basir] ~ Carboniferous 1753 122 1814 30 0.12 25.00 17.89 20 0.08
17 Bighorn Basin Pennsylvanian 3536 83 3578 30 0.10 35.04 6.50 40 0.08
18 Bighorn Basin Permian 3506 36 3524 30 0.07 5.50 6.50 40 0.08
19 Bighorn Basin Triassic 3506 36 3524 30 0.11 5.50 6.50 40 0.08
20 Bighorn Basin Cretaceous 2835 594 3132 25 0.11 20.03 6.50 40 0.08
21 Black Warrior Basin Mississippian 1829 198 1928 8 0.10 20.00 16.26 15 0.12
22 Denver Basin Cretaceous 1691 401 1891 20 0.13 37.67 8.83 30 0.08
23 Eastern Great Basin Jurassic 2134 427 2348 29 0.08 1.00 8.42 30 0.08
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SylsDtem Basin System DF (m) S\(/XST '\?::)D g /?) Porosity '(Dni an; Surgo'l('smp j(er;%:j S(Eg?ﬂt)y
24 Eastern Mesozoic Rift Basins Triassic 2286 914 2743 18 0.07 1.00 9.00 20 0.08
25 Greater Green River Basin Paleozoic 3800 671 4135 10 0.07 1.00 4.62 40 0.08
26 Greater Green River Basin TriassicJurassic 3597 200 3697 30 0.11 5.35 4.62 40 0.08
27 Greater Green River Basin Cretaceous 3345 150 3420 15 0.10 231 4.62 40 0.08
28 Hanna, Larame, and Shiriey Paleozoic 3963 396 | 4161 | 30 0.09 46.76 5.65 30 0.08
29 Hanna, Laramie, and Shifey | cretaceous 3963 200 | 4063 | 23 0.10 19.16 5.65 30 0.08
30 llinois Basin Cambrian 1372 366 1554 30 0.11 20.00 12.09 20 0.12
31 lllinois Basin Ordovician 1417 300 1567 30 0.09 10.00 12.09 20 0.12
32 lllinois Basin DevonianSilurian 1250 335 1417 22 0.08 10.00 12.09 20 0.12
33 Kandik Basin Devonian 1829 500 2079 25 0.10 1.00 -6.21 25 0.12
34 Kandik Basin Permian 1219 400 1419 25 0.10 1.00 -6.21 25 0.12
35 Kansas Basins Paleozoic 1015 159 1095 30 0.10 10.00 12.65 13 0.12
36 Los Angeles Basin Miocene 1219 1829 2134 16 0.17 200.00 17.68 40 0.12
37 Michigan Basin Oég‘r’%’t')cr:gg 1981 500 2231 20 0.09 10.00 8.05 20 0.12
38 Michigan Basin Silurian 1554 335 1722 21 0.07 10.00 8.05 20 0.12
39 Michigan Basin Devonian 1067 84 1109 18 0.09 10.00 8.05 20 0.12
40 Palo Duro Basin Paleozoic 1722 1707 2576 10 0.13 81.33 14.06 20 0.08
41 Palo Duro Basin Permian 1128 762 1509 12 0.15 20.00 14.06 20 0.08
42 Paradox Basin Paleozoic 2438 762 2819 12 0.10 1.00 9.79 30 0.08
43 Permian Basin Paleozoic 3871 1341 4542 30 0.07 30.56 15.64 20 0.08
44 Permian Basin Permian 1524 2286 2667 15 0.14 11.00 15.64 20 0.08
45 Powder River Basin Pennsylvanian 2743 122 2804 25 0.16 100.00 7.38 30 0.08
46 Powder River Basin Triassic 1524 27 1538 30 0.13 10.00 7.38 30 0.08

47 Powder River Basin Jurassic 2035 15 2043 30 0.20 100.00 7.38 30 0.08
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GeothG -
SylsDtem Basin System DF (m) S\(/XST '\?::)D g /?) Porosity '(Dnian)] Surgo'l('smp (°(r:7|?m) S(Eg?ﬂt)y

48 Powder River Basin Cretaceous 1901 589 2195 30 0.20 76.95 7.38 30 0.08
48 Sacramento Basin Cretaceous 1676 1463 2408 30 0.28 158.89 16.26 16 0.08
50 Sacramento Basin Eocene 1219 152 1295 30 0.25 200.00 16.26 25 0.08
51 San Joaquin Basin Cretaceous 2743 975 3231 30 0.27 100.00 16.71 25 0.08
52 San Joaquin Basin Oligocene 2868 1707 3722 30 0.16 77.86 16.71 25 0.08
53 San Joaquin Basin Miocene 3482 1341 4153 30 0.17 100.50 16.71 25 0.08
54 San Juan Basin Jurassic 1829 76 1867 50 0.23 370.00 8.95 40 0.08
55 San Juan Basin Cretaceous 1552 786 1945 10 0.10 10.55 9.33 40 0.08
56 SouthFlorida Basin Cretaceous 2841 800 3241 20 0.14 15.00 21.97 25 0.12
57 U.S. Gulf Coast Eocene 1722 1919 2682 23 0.25 114.81 20.93 35 0.12
58 U.S. Gulf Coast Oligocene 2134 823 2546 30 0.22 200.00 20.93 35 0.12
59 U.S. Gulf Coast Miocene 2438 3566 4221 27 0.28 500.00 20.93 35 0.12
60 U.S. Gulf Coast Jurassic 3843 594 4140 30 0.10 28.57 20.93 35 0.12
61 U.S. Gulf Coast Cretaceous 2511 3017 4020 20 0.14 40.38 20.93 35 0.12
62 Uinta and Piceance Basins Paleozoic 3506 1981 4496 28 0.08 1.00 7.00 40 0.08
63 Uinta and Piceance Basins Cretaceous 3391 191 3487 27 0.11 1.00 7.00 40 0.08
64 Uinta and Piceance Basins Tertiary 1676 1676 2514 30 0.09 1.00 7.00 40 0.08
65 Ventura Basin Oligocene 1981 914 2438 33 0.22 100.00 15.04 30 0.08
66 Weﬂermrggg{;‘g’as“i”gto” Paleogene 1219 1524 | 1981 | 30 0.20 200.00 10.63 25 0.08
67 Williston Basin Cg’r‘;gr\i,ﬁ:ri‘a"’;‘”d 2820 427 3033 30 0.06 6.51 14.22 20 0.08
68 Williston Basin Devonian 2698 778 3087 30 0.12 14.48 14.22 20 0.08
69 Williston Basin Carboniferous 2088 694 2435 17 0.11 14.22 14.22 20 0.08
70 Williston Basin Jurassic 1676 107 1730 20 0.17 100.00 14.22 20 0.08
71 Williston Basin Cretaceous 1448 94 1495 30 0.18 88.46 14.22 20 0.08
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GeothG -
System . SWFT MPD NG . Perm Surf Temp Salinity
Basin System DF (m Porosit o rad
D 4 ™ Ty | m | o Y| (D) €O | ooy | aL)
72 WyomingldahoUtah Thrust Belt Paleozoic 4313 1000 4813 30 0.07 1.54 3.22 45 0.08
73 Wyoming-ldahoUtah Thrust Belt| TriassicJurassic 4115 580 4405 25 0.11 15.00 3.22 45 0.08
74 WyomingldahoUtah Thrust Belt Cretaceous 3316 1000 3816 12 0.10 1.00 3.22 45 0.08

Table 63: ConsolidatedJSGS Datanput from SAU based to System bas&F = Depth to Formation (in meter§WFT =
Storage Windowrormation Thickness (in meters). MPD = midpoint deptm{eter3. NG = Net to Gross Ratio
(%). Perm= Permeability (in millidarcies). GeothGrad = geothermal gradierfiQfkm).
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6.3.2 COMPLETING GCCC DATA

The G C C GOBine @dlabas was completed by either taking the
suppl ementary data from the USF@&aénpletheat abase
N:G, porosity andoermeabilitysupplementaryalues assigned to the GCCC databasee
taken from theorrespondin@ystems in the)SGSdata Table 6.4 summarizes the original

and supplementary data assigned to each reservoir, inchirdidgta sources.
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GCCC System Basi Svst GCCC Reservoir NG p it Perm Surf Temp GeothGrad Salinity
ID ID asin ystem Name (%) orosity (mD) C) (°Clkm) (kg/L)
Anadarko and Arbuckle
1 3 Southern Cambrian 10+ 0.03* 1* 14.88" 301 9999
. Group
Oklahoma Basins
2 10 | Appalachian Basin  Devonian Oriskany | 55 | 9999 9999 9.88" 25n 9999
Sandstone
3 14 At'a”glcaiioa“a' Cretaceous | Cape Fear | 30% | 0.2* 300* 16.88" 20° 0.12°
4 | 14 | AfantcCoastal | oo anus Lower 0% | 0.2 300* 16.88 200 0.12°
Plain Potomac Grou
5 | 14 A“a”gfaﬁloaga' Cretaceous | Tuscaloosa | 30% | 9999 |  300* 16.88" 200 0.08"
6 21 Blacga\;\/iﬁrrlor Mississippian Pottsville 10** 0.10* 20** 16.26" 157 0.12»
7 22 Denver Basin Cretaceous Lyons 204 | 0.13** 3g** 8.83" 307 0.08"
Sandstone
8 31 lllinois Basin Ordovician St. Peter 30** | 0.09** 300** 12.097 20" 9999
9 36 Los Angeles Basin Miocene Repetto 16** 0.25* 200** 17.68" 40" 0.08"
10 | 37 Michigan basin | Ordovician Mt. Simon | 20 | 0.09* 10%* 12.09" 20 0.12°
Cambrian
11 41 Palo DuroBasin Paleozoic Granite Wash | 20** | 0.15** 20%** 14.06" 201 9999
12 44 Permian Basin Permian Dean 15%* 9999 11** 15.64" 200 0.
13 44 Permian Basin Permian Queen 15%* 9999 11** 15.64" 200 0.
14 44 Permian Basin Permian San Andres | 15* 9999 11** 15.64" 201 0.12»
15 44 Permian Basin Permian Spraberry 15%* 9999 11** 15.64" 200 0.
16 44 Permian Basin Permian Wolfcamp 15%* 9999 11** 15.64" 200 0.1
17 44 Permian Basin Permian Yates 15%* 9999 11** 15.64" 200 o.oa
18 | 45 Po""gae;ir?"’er Cretaceous | FoxHills | 30 | 0.21* 50* 7.38 300 0.12°
19 54 San Juan Basin Jurassic Morrison 307 | 0.23** 300** 8.95" 40" 9999
20 | 56 Souég;'r?”da Cretaceous | Cedar Keys | 20 | 0.25* 20* 21.97A 25n 0.12%
21 58 U.S. Gulf Coast Oligocene Oligocene 30%* | 0.22** 200** 20.93" 357 0.1
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22 61 U.S. Gulf Coast Cretaceous Woodbine 20** 9999 9999 20.93» 357 9999
23 61 U.S. Gulf Coast Cretaceous Paluxy Sand | 20** 9999 41%* 20.937 357 0.1
24 57 U.S. Gulf Coast Eocene Wilcox Group | 20** | 0.25** 115*=* 20.93" 357 0.1
25 69 Williston Basin Carboniferous| Madison Group }*7 0.10* 14%* 14.22» 20" 9999

Table 6.4: GCCC Data input overview, summarizing data values and sofocéiet to Gross Ratio (NG, %), Porosii$o),
Permeability (mD), Surface Temperatuf€), Geothermal GradienfC/km) and Salinity (kg/L)Yata . Data
sourcesGCCC gridded data (9999), GCCC single value datdJ@)GS single value data (**), other data sources

@)
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6.3.3 MERGING USGSAND GCCC DATABASES

The USGS and GCCC databases weetegorized andgnerged bya common
formation group, oBystem categoryBecausehe USGS consolidated database has a total
of 74 Systems, and the GC@@&tabaséas only 25 reservoirs, not all of the USGS Systems
were merged with GCCC griddeéservoirdata. Table 6.5 summarizes which GCCC
reservoirs were merged with the correspondif8GS consolidated databagdso, snce
the USGS data extent is greater than the GCCC data extent, the USGS data extent is
considered as the maximum System formation extent iiiGe Capacity, Injectivity, and
Cosb database
As with the methods used to consolidatee USGSdatabasegverlappingGCCC
reservoir® input datafrom different basinswere consolidatedto createthree new
reservois. These new reservoirs are t)étlanticc whi ch mer ges t he GCCC6s
Lower Potomac Groymnd Cape Fear reservoigd;Permianwhi ch mer ges t he G
Yates, Queen, San Andres, Spraberry, Dead,Wolfcamp reservoirs; and 3) @f of
MexicoCreeceous (USCret), which merges the GCCCHo
The data per reservoir waonsolidated by either summing the data values per reservoir
(i.e., Storage Window Formation Thickness, and Net Sand Thickness), averaging the data
(i.e., Depth to Formation), ogeneratinga weighted average of the data valuies.,(
Porosity and Permédity). With the consolidated reservoirs, the total number of GCCC
reservoirdecreasefom 25 to 17, as shown in Table 6.5.
Furthermorein the 17 Systems where GCCC and USGS data overlap, the gridded
GCCC data always supersedes USiata Figure 6.5 shows an example of a System where
there is no merged GCCC data with USGS data, wigiled 66 shows an example of the
GCCC data superseding USGS data for the U.S. Gulf Coast Eocene .System
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System

D Basin System GCCC Reservoir Name
1 Alaska North Slope Carboniferous
2 Alaska North Slope Cretaceous
Anadarko and Southern Oklahom
3 Basins Cambrian Arbuckle Group
Anadarko and Southern Oklahom
4 Basins Devonian
Anadarko and Southern Oklahom
5 Basins Mississippian
Anadarko and Southern Oklahom
6 Basins Permian
7 Appalachian Basin OrdovicianCambrian
8 Appalachian Basin Lower Silurian
9 Appalachian Basin Upper Silurian
10 Appalachian Basin Devonian Oriskany Sandstone
11 Arkoma Basin Ordovician
12 Arkoma Basin Silurian- Devonian
13 Arkoma Basin Carboniferous
Atlantic: Tuscaloosa,
Lower Potomac Group,
14 Atlantic Coastal Plain Cretaceous Cape Fear
Ordovician-
15 Bend Arch and Fort Worth Basin Mississippian
16 Bend Arch and-ort Worth Basin Carboniferous
17 Bighorn Basin Pennsylvanian
18 Bighorn Basin Permian
19 Bighorn Basin Triassic
20 Bighorn Basin Cretaceous
21 Black Warrior Basin Mississippian Pottsville
22 Denver Basin Cretaceous Lyons Sandstone
23 Eastern Great Basin Jurassic
24 Eastern Mesozoic Rift Basins Triassic
25 Greater Green River Basin Paleozoic
26 Greater Green River Basin TriassicJurassic
27 Greater Green River Basin Cretaceous
28 Hanna, Laramie, and Shirley Basil Paleozoic
29 Hanna, Laramie, and Shirley Basil Cretaceous
30 Illinois Basin Cambrian
31 Illinois Basin Ordovician St. Peter
32 Illinois Basin DevonianSilurian
33 Kandik Basin Devonian
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System

D Basin System GCCC Reservoir Name
34 Kandik Basin Permian
35 Kansas Basins Paleozoic
36 Los Angeles Basin Miocene Repetto
37 Michigan Basin OrdovicianCambrian Mt. Simon
38 Michigan Basin Silurian
39 Michigan Basin Devonian
40 Palo Duro Basin Paleozoic Granite Wash
41 Palo Duro Basin Permian
42 Paradox Basin Paleozoic
43 Permian Basin Paleozoic
Permian:Yates, Queen,
San Andres, Spraberry
44 Permian Basin Permian Dean, Wolfcamp
45 Powder River Basin Pennsylvanian
46 Powder River Basin Triassic
47 Powder River Basin Jurassic
48 Powder RiveBasin Cretaceous Fox Hills
49 Sacramento Basin Cretaceous
50 Sacramento Basin Eocene
51 San Joaquin Basin Cretaceous
52 San Joaquin Basin Oligocene
53 San Joaquin Basin Miocene
54 San Juan Basin Jurassic Morrison
55 San Juan Basin Cretaceous
56 South Florida Basin Cretaceous Cedar Keys
57 U.S. Gulf Coast Eocene Wilcox Group
58 U.S. Gulf Coast Oligocene Oligocene
59 U.S. Gulf Coast Miocene
60 U.S. Gulf Coast Jurassic
USCret:Woodbine,
61 U.S. Gulf Coast Cretaceous Paluxy Sand
62 Uinta and Piceance Basins Paleozoic
63 Uinta and Piceance Basins Cretaceous
64 Uinta and Piceance Basins Tertiary
65 Ventura Basin Oligocene
66 Western OregoiWashington Basing Paleogene
67 Williston Basin Cambrian an@rdovician
68 Williston Basin Devonian
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Sylfjtem Basin System GCCC Reservoir Name
69 Williston Basin Carboniferous Madison Group
70 Williston Basin Jurassic
71 Williston Basin Cretaceous
72 WyomingldahoUtah Thrust Belt Paleozoic
73 WyomingldahoUtah Thrust Belt TriassicJurassic
74 WyomingldahoUtah Thrust Belt Cretaceous

Table 65: Merged USGS and GCCC Data input summary table
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500 Miles

Basin ID: 27
Basin: U.S. Gulf
Coast

System: Jurassic

Figure 65: Jurassic System extent within the U.S. Gulf Coast Basir6Q)DThesystem
extent is defined by the USGS data extent. No GCCC data has been merged
with the USGS data for this system.
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Basin ID: 27 g 1 GCCC gridded data

Basin: U.S. Gulf extent

Coast [ A ( \
System: Eocene BYY - USGS data extent

500 Miles

Figure 66: A) Eocene System extent within the U.S. Gulf Coast Basib{lDThe full data extent is defined by the USGS data
extent, bummost of the data has been superseded by GCCC data . The extent of the GCCC gridded data is better
shown in B)in purple, while he remainder of the USGS data is shown in blue.
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6.4  INPUT DATA QUALITY RANKING

In this section, aimple data quality rankingf theinput data gatheretd createhe
U.S. Wide Capacity, Injectivity, and Cost Analysis Datalims#roducedThe data quality
ranking ranges from, which is the highest ranking, to 1, which is the lowest ranidng.
higher rankinggenerally means that the dati@@more accuratelhe input data considered
for quality ranking includes the GCCC and USGS databases, as well asplesrsiary
data introduced in sectiohi2 Note that the data quality ranking is not included in the
database itself.

Ranking the data qualityelps to quantify the potential error margirthe capacity,
injectivity, and cost calculated resuttased on the accuracy of the input dataexample
the GCCCqgridded datgrovides a higher resolution and data variation per are&h is
considered to have a highdataaccuracy Thus, gridded data is consideredbe the
highest possible ranking.able 6.6 below summarizes descriptions and error imsafgr

all three data quality rankings.

Rank Description Input data source Error +/-
3 | Diminished data: dePh | g igged Geoc data 0-25% | 25%
ependent grid maps
Proxy info data: one All USGS data; GCCC singl
2 | average value per value datdor porosity and 2550% | 50%
formation permeability

Basinwide extent data:
Geothermal gradient, Surfag
Temperature, and Salinity
supplemental data

Sparse datgoorly
1 | constrainedaverage
value

50-75% | 75%

Table 6.6 Input dataquality rankingdescription summanA higher rankingndicates
that the input data tends to be more accuflatelowest ranking3 =
highest ranking.
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6.5 DATA STRUCTURE

The resultingiiCO, Capacity, Injectivity, and Codtdatabaseontainsthreemain
spatialdatasetsl) fiCapacitylnjectivity CostDatad 2) fiHighestlnjectivity Analysi®, and
3 ) COfiSedimentanstorageWindowo which will be further discussenh this section
Both datasets are saved withim ArcGIS geodatabase (.gdb) as featatasses andan
only be accessedsingthe ArcGIS softwareThe spatial reference, quality, and general

information for both spatial datasets are summarized in Table 6.7 below.

Capacity Injectivity Highest Injectivity CO:2 Sedimentary Storage
CostData Analysis Window
Geographic GCS_North_American_1983
Coordinate System
Projected

Coordinate Systen USA_Contiguous_Lambert_Conformal_Conic

Resolution 5km by 5 km for gridike data. Varies fodSGS N/A
data
Number of Rows 47,997 54,060 N/A
Data file format ArcGIS Feature Class ArcGIS Feature Dataset
Type of Data Polygon

Table 6.7:ACO, Capacity, Injectivity, and CoStlatabasapatialreferences, data quality,
data file formatting, among other data features

6.5.1 CAPACITY /INJECTIVITY /COST & HIGHEST INJECTIVITY ANALYSIS DATA

Both the fiCapacityInjectivity Cost Datad and thefiHighestInjectivity Analysi®
spatial data consist of the input data and output calculations described thrdDigdumetrs
2 through 5.Both dataset result fromthe amalgamation of the GCCC and USGS
databases, along with the supplementiatadiscussed in detail earlier in this chapt

Table 6.8 below summarizes the column descriptions for both datasets.
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Field Name Description Units
Basin Basin Name none
System System Name none
GCCC_Reservoir_Name Original reservg;tgame from GCC( none
Database_Key original reservoir key from GCCC none
data
DF m Depth to Formation m
SWET m Storage W!ndow Formation m
- Thickness
MPD_m Midpoint Depth m
NetPorough_m Net PorousThickness m
NG Net to Grossnjectable interval %
Porosity_per Porosity %
Permeability_mD Permeability mD
SurfTemp_C Surface Temperature C
GeothGrad_Ckm Geothermal Gradient C/km
ResTemp_C Reservoir Temperature C
Injectivity_mDm Injectivity mD-m
Wells Number of Wells needed forMtpa wells
per project
AllowPInc_MPa Allowable Pressure Increase MPa
Salinity_kgL Reservoir Salinity kg/L
TotalComp_1MPa Total Compressibility MPat
CO2Density_kgm3 CO; Density kg/m?
CapacityAreaMtkm?2 CO2 Capacity per Area Mt/km?
Capacity Mt CO; StorageCapacity Mt
WellSpacing_km Spacing between wells within one Kkm
project
AreaPer2MtProject_km?2 A.rea. of a Ffrq_ect with a 20 yr km
— lifetime injecting at IMtpa
GCCC Keep track of data source 1= GCCCdiatlga, 0=USGS
TotalCost20yrMtproject US| Total Cost of &8CSProject with a $MM USD
D 20 yr lifetime injecting at Mtpa
TotalStorageCost_USDperTqg Total Storage ggjts in $ per Ton ¢ $USD per Ton of CO2

Table 68: Summarized FielColumn names and descriptiorfer both thefiCapacity
Injectivity Cost Data0 and fiHighest Injectivity Analysi® spatial data
ArcGIS categorizes columns in a table as Fieldis= million metric tons
Mtpa = Million metric tons per annum (per year)
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T h eHighiestInjectivity Analysi® s p at it @kes tifiCapaciydnjectivity
CostDatao dataset and chooses the Systems with thetjestivity to properly view and
analyze the arebased storage costa some areas within ti@apacitylnjectivity Cost
Datao, the spatiatiata has overlapping features where two or more Systems exist within
the same area extefite.,t he U. S. Gul f Co%esenton 82Dgnamihes Sy st e
results shown from areas where data overlaps only show thedsip SystemThe
fiHighestInjectivity Analysi® datasets the result of comparinigjectivity results between
overlapping data found in tHf&apacityInjectivity CostDatad dataset and¢hoosing the
highest injectivity value between thenOverlapping data with lowernjectivity are
discardd from the fiHighest Injectivity Analysi® database butire kept within the
fiCapacitylnjectivity CostDatad d a Uraderstanding how to place wells and projects

for areas that share overlapping Systenieiondthe scope of the current study.

6.5.2 CO2 SEDIMENTARY STORAGE WINDOW

The ACO, SedimentanBtorageWindow dataset contains twieature clases, 3a)
fiStorageWindowPotentiab a n dNo StbrageWindowPotentiabd The two feature
classes are thesult of the data and methodologies described in detail in Chapthe 2
ACO. SedimentaryStorageWindowo s p a t assaghsa rarkihgafrom 1 to Awith 1
being thelowest CQ storagepotential The ranking is based on the total sedimentary
thickness within the storage window.s f o No Stbrage WiridowPotentiab spatial

data, itcompriseghe no storage criteria described in secficgh
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Chapter 7: Results

7.1 INTRODUCTION

This chaptercontainsa compilationof maps and figures from thmethodologies
described throughout Chapters 2 through Syels as theiCO, Capacity, Injectivity, and
Cododatabase created for this thesis, described in Chaftbe&esults from each chapter

are described in detail below.

7.2 SEDIMENTARY CO2 STORAGE WINDOW POTENTIAL

The results fromhe sedimentary C@storagewindow (SSW)conceptintroduced
in Chapter 2 are displayed Figure 7.1aspotential for CQ storage throughout the U.S.,
varying from lowest to higheshicknessusing a numeric ranking system. The ranking
system begins at 0, indicating areas of no g@window potential, to 4hehighest storage
window thicknessn anarea.Table 7.1below summarizes the SSW potential ranking and
its corresponding range of sedimentary thickness available within the storage window.

Complementary to the SSW is thep window conceptwhich is a heavily
influential boundary condition for the calculation and creatiopressurebasedcapacity
and injectivity, which in turn also influences storage and project degfiste 72 shows

the top window boundary condition, renamed as the Depth to Top Storage Window for

Figure 7.2. The dat a @G Gapacity,tinjediivetye and Codtc | uded

database
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SSW Potential Sedimentary Thickness
SSWPotential Description

Ranking range (m)
0 No Storage Window Potential 0
1 Lowest 0-1000
2 Low-Medium 1001- 2000
3 Medium-High 2001-3000
4 Highest > 3000

Table 7.1: Sedimentary CO2 Storage Wind@8W)Potential ranking used for Figure

7.1

7.3 PRESSUREBASED STORAGE CAPACITY

The results from th@ressurebasedstoragecapacity introduced in Chapter 3 are

displayedin Figure 73 showing the cumulativetorage capacitper unit aredor all 74

Systems found within th&Capacity Injectivity Cost Datad spatial dataset. This datase

contains overlapping Systems that contain different input dataremudts. Inorder to

display the capacitger unit areaesults from all Systemnia the same majphe choicavas

madeto sum alloverlapping SystemsThe resulting cumulative storage capacity map
displays a range afapacityper given areawith the lowest being around 50,000 tons, or

0.05 million tons of C@per 1 kn? for various basins across the U.S., and the highest being

around 2.2 million tons o€O; per 1 knt in a small section of the). S . Gul f

Miocene System.

7.4 | NJECTIVITY

The results fronthe concept oinjectivity introduced in Chapter 4 are displayed

Figure 74 as aninjectivity rank and aange ofwells needed to inject 1 millions of CQ
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per year tpa) per projectbased on the highest injectivity Systems in a given diea.

injectivity rankingranges between lowest, where the lowest injectivity but highest number

of wells are foundto highest, where the inverse is tridée nunber of wells ranges from

1 to 19 per project (P10 to P90), with wells being the averagEhe results suggest that

the U.S. Gulf Coast Systems have the best injectivibhereaghe Appalachian and Bend
Arch/Fort Worth Basin Systems trend towards low injectivity valu@able 7.2
summarizeshe injectivity ranking description, injectivity value ranges, and number of

wells per rankThe results displayed in Figuredb r i gi n at Elighkstimgentivity h e i
whi ch means that not

Analysso spatial dataset,

in this map.
Rank Description Injectivity (mD -m) No. of Wells
1 Lowest 0 to 500 > 20
2 Low Medium 500 to 1500 710 20
3 Medium 15001 5000 2106
4 Medium High 500171 10000 2
5 Highest > 10000 1

Table 7.2:Injectivity Ranking utilized in Figure 7.4The number of wellsepresentshe
total amounbf wells needed to inject Mtpa within each CCS project.

7.5 CCSPROJECT STORAGE COST

The results from the storage a@dCS project cost methodology introduced in
Chapter 5 are displayed in Figur® @nd Figure &, showinga range oktorage costs per
ton of CQ anda range oftoragecoss for a potentiaR0 Mt CCSproject wih a20-year
lifespan respectivelyNote agairthat the CCS project costs only considgragerelated
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costsand do not consider capture nor potential transportation. €ogtse7.5 presents the
five price ranges that reflettte currenfaveragecostrangeof storing CO; perton (i.e., $5

to $30 USD (IEA, 202Z). Table 7.3 below summarizes the statistics for all of the resulting

data cost
Statistical Storage Costs ($ USD per| Total Project Storage Costs ($
Variable ton CO2) MM USD)
Average $30.0 $613.80
P10 $4.0 $ 94.27
P50 $7.3 $ 146.90
P90 $51.0 $1,033.60

Table 7.3:Storage costs and total project storage costs statistical summary

The data suggest that the least expensive areas f@t@@ge are the onshore Gulf
of Mexico Basin, the West Coast (San Joaquin, Sacramento, Ventura, and westera Oregon
Washington Basins) and the Permian Basin, and the least expensive is the Gulf of Mexico
Miocene System at $4.00 USD/ton of £@ote that tle offshore Gulf of Mexico Basin
was excluded from the current study)s not surprising that the same areas where storage
costs are lowest having the lowest total costs per project, with the cheapest costing around
$80 MM USD for a project that can take to 20 Mt in 20 years. Table 7.4 summarizes
shows the 10 least expensive Systems for storage and project costs. The top 1 through 8
Systems result from singkeverage values (Table 7.4a) and 9 and 10 originate from a range
of values (gridded data), ofhich statistics can be provided (Table 7.4b). To reduce the

effect of outliers when calculating the average value per System, only the results from data
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stemming from 1.5 m net porous thickness and greater are considered. Tables Al and A2

in Appendix A cotain the remaining cost data.

It is important to note thabhe results displayed iRigures7.5 and 7.6 originate

f r o mHighlestinjeftivity Analysi®

SPp

ati al dat aset , wh i

each Systems are represented in this map.

Storage Costs ($

Total ProjectStorage

Basin System USD per ton CO2)| Costs ($ MM USD)
1 U.S. Gulf Coast Miocene 4.00 79.09
2| San Joaquin Basin Miocene 4.07 81.46
3| Sacramento Basin Cretaceous 4.17 83.36
4| San Joaquin Basin Cretaceous 4.17 83.39
Western Oregon Washington
5 Washington B%sins Basins Pa?eogen 4.23 84.56
6| San Joaquin Basin Oligocene 4.24 84.83
7 Ventura Basin Oligocene 4.36 87.22
8 Permian Basin Paleozoic 4.62 92.43

Table 74a: Storage and CCS projestbragecosts for the top &ast expensiv8ystems.

ch

Note that the top 8 results come from a sirgylerage value per System,
and so the cost results are also a single value representing the entire extent
of the System.

ID | Basin | System

Storage Costs ($ USfer ton CO2)

Total ProjeciStorageCosts ($ MM USD)

mean

min P10 | P50

P90

max mean min

P10 P50 | P90 | max

Coast

uU.s. .
9 Gulf Oligo 5.74 415 | 442 | 465 | 5.28 209 114.8. | 83.09 | 88.41 93.0 | 105. 4193
cene 68 3 5
Coast
1| Us 213 94.2 | 105
0 Gulf Eocene| 6.28 413 | 441 | 471 | 5.29 44' 1255 | 82.52 | 88.2 3' 7' 4268

Table 74b: Storage and CCS projestioragecosts for the top 9 and l18ast expensive

Systems. Note that these two Systems contain multiple values (gridded

data) throughout the extent of the System
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In areas within the storage window hwith limited availability of geologic data,
the costs resulted in $52.40 per ton of CDRe results are based on thé"g@rcentile
(P90) of the storage costs per project ($51.70) and the P90 of the area per project (9,300
km?). The results for the storage cost analysis have been combined wstorthge costs

per ton spatial distribution results mentioned earlier in $hition andhre displayedn

Figure 77.
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Chukchi

‘ng’_ Storage Window Potential
I 4 - Highest
ida® - 3 - Medium-High
! - 2 - Low-Medium

1 - Lowest

0 - No Storage Window Potential {- /’ '
Figure 7.1: U.SWide CO2 Sedimentary Storage Windovap displayed as increasing storage windbigknesq1 =
|l owest, 4 = highest, white = no storage pot el
spatial dataset.
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[]1.001-1500
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Figure 72: Depth to Top of Storage Window, in meteasiginal datafrom De Graaf et al. (2017) not included in this
thesis.
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area (MMT/km2) '

Bl - 005 B 1.01-150
I 0.06-0.10 B 51223

0.51-1.00

5,

Figure 73: Cumulative Pressufieased Storage Capac(iyit) per 1 km2 area. A higher capacity per area value means

is a higher capacity storage potential in a given area. Datatakemf t he A Capaci ty
spatial dataset.




Injectivity Ranking / Number of
wells needed to inject 1 MMTpa per
CCS project
I 5 - Highest (1 well )
- 4 - Medium High ( 2 wells)
3 - Medium ( 2 to 6 wells)
[ 2 - Low Medium ( 7 to 20 wells)
I ' - Lowest (> 20 wells)

-
. T
g B ot o

Figure 74: Injectivity Ranking (Low to High) of the highest injectivity systems per displayed area. Each injectivity re
has a contingent number of wells needed to inject at a ratMtgd per project. Data taken from the
AHIi ghest | njectlidatabdsggy Anal ysi so0 spati a




Total CO2 Storage Cost
($USD/ton of CO2)

- Lowest cost ( $4 - $5)

[ s6 - s10

$11 - 820

[ 521 -$30

B Highest cost (> $30)

Figure 75: Storage Costs ($ USD) pertonof £O Dat a taken from the fAHiIi ghest
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Figure 76: Total Storage Cost ($ MM USD) per CCS project over-ged) lifespan. Data taken fromh e fA Hi g h
|l njectivity Analysiso spati al dat abase.




























































