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ABSTRACT

Carbon capture, utilization, and storage (CCUS) is the process of capturing carbon
dioxide (CQ), injecting it into reservoirs to enhance oil and gas production, and safely and
permanently storing it in the subsurface. This process has become morercomh®ooil and
gas industry both as a technology to enhance production, and for companies to work towards
carbon neutrality. While carbon captuaad storage (CCS) has sometimes garnered more
attention, carbon capture, utilizatiand storage (CCUS) more attractive as it offers the
additional economic incentive of increased hydrocarbon production as primary and secondary oil
and gas recovery methods can still leave up to ~80% of oil in the reservoir. CG&8l ir
enhanced oil recovegnd can ba more effective technology for recovering additional
hydrocarbons with the added benefit of safely sequesteringnGe subsurface. CCUS is

continuing toexpand andhas the potential to capture ~6Gtgg@r year by 2050.

The Niobrara System was depodita the Western InteridCretaceou$Seaway (WCS)
during the Late Cretaceous by a series of sea level transgressions and regf@asionsite
depositionin the WICS was controlled by cooler, oxygeich water from the north, mixing with
warmer, oxygerpoor water from the south. In the Demdresburdgasin, the carbonatech
Niobrara A and Bhalk bedsxhibit favorable petrophysical properties for hydrocarbon
production with increased resistivity and porosity. Consequently, they have both been
extensvely producedn recent years, andig important to evaluate this reservoir as a potential

CCUS target.

Core data from the Razor-2%14H well in Redtail Field wagsvaluated to determine if
the Niobrara A and B could be a viable CCUS target. Porositpamdeability measurements

combined with production flow and injection treatments ot @Qing on the core plugs to



replicate primary and EOR productiarere usedo determine if the reservoir properties in the
Niobrara A and B are favorable for CCUS. Rlesfrom the Redtail Field study area can then be
applied to other fields in the DenvéulesburgBasin leading tancreased hydrocarbon recovery

and the safe storage of €0
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cutoffof 1I50hmm and a porosity cutoff of 8% an
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| ost 0 gclpaomrgisnty cutofféeeéeéeééééd®eeeeceé

Table of Niobrara B1 net pay by well over the Redtail Field using a
resistivity cutoff of 15 ohrmm and a porosity cutoff of 8% and 12% with the
Anet pay | osto changi ng. .p.oérémsé .t.yéexlud of f

Table of Niobrara B2 net pay by well over the Redtail Field using a resistivity

cutoffof 1I5ohmm and a porosity cutoff of 8% an
|l ost 0 changing poroseaédgéecaitoddeée. . éae®écee
Table of average porosity (averaging wells) and net pay footage using 15

ohmm and a cutoff of 8% and 12% porosity over the Niobrara A, Niobrara

Bl and Niobrara B2éccéééééeééeééeé. 101

Amended chart weighing the various paedens for EOR (Gozalpour et al.,

2005). This amended chart includes the data obtained from the Niobrara A

and B over the Redtail Field, what 1is t
chapter this work can be foun&/hen optimum value is met or closebeing

met, this is shown in green and yellow respectively. When results are

substantially lower than the optimum value, thisis showninrédé é . . 11 . é 1
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CHAPTER 1
INTRODUCTION

Carbon epture utilization, and sorage (or CCUS) has the possibility to be a
revolutionary technology in facilitating and increasing the production of oil and gas while
trapping carbon dioxide in the subsurface. WEi{8R with CQ has beenvidely depbyed in the
Permian Basin(Rice University, 2019ho largescaleprojects have been completed in the
Niobrara Formation of the Denvduleslirg Basin. With core data from the Redtail Field
supplied by Whiting Petroleum, thissearch proje@xaminedhe geologic parameters seen as
driversof CCUS based on previous wakd developda methodology to empirically determine
the feasibility of CCUS over the Niobrara A and B Members. An outlfrtee Redtail Field

study arean nartheast @loradowith a rough outline of the Denvduledurg Basinis shown in
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Figure 1.1Redtail Field study areshownin northeast Colodo contoured on the Niobrara A

structureand zoomed out over the Deméreshurg Basinas outlined




The Upper Cretaceous Niobrara was deposited ~81.7 to 89 million years ago
(Sonnenberg, 2018nd is an alternating series of chalks and marls teitii organic carbon
(TOC) ranging from ~26 wt.% (Sonnenberg, 2020As shownn Figure 1.2, the Upper
Cretaceous is composed of source rocks from the Sharon Springs Member down to the Skull
Creek ShaléSonnenberg, 2011Jhis research project focused on the Niobrara A and B, and

particularly applications of CCUS on these resas!oi

|
Source |  pERRESHALE |  Typical
Pay Rock | Depth
l\
® SUSSEX(TERRY)SS ) 4300’
| PIERRE SHALE (
* SHANNON 4800’
PIERRE SHALE
SRL———— 6800’
NIOBRARA “A"
SR| {
‘ | NIOBRARA “B"
*  { SR| 4
NIOBRARA “C”
1 SR| 4
. FTHAYS LIMESTONE 7100’
» CODELL SAND |
CARLILE SHALE
GREENHORNLS )
SR GRANEROSSHALE! \
23 _ssan0 T 7600
SR SKULL CREEK SH,
B DAKOTASAND ) 7800

Figure 1.2Generalized stratigraphic column for the Niobrara specifically for the Wattenberg
Area(Sonnenberg, 2011)

With technological advances around CCUS and an increased interest in it as a tool to

mitigate thepotentialnegativeeffects of rapidly increasingCO, emissionsCCUS is projected to



be a najor force in CQ@ mitigation. CCUSs projected to have exponential growth in

deployment over the coming decadespected to increase more than 10 tilme2050

(Serdone 2019) Thisprojection isbased on scientific advances improving the economic

outlook of the technologgs well agolitical and publicheadwindsnoving more towardsarbon

dioxide mitigation. Figure 1.3 shows CCUS (synonymous waithanced oil recove or EOR)

deployment increasing rapidly through 2050

10

GtCO, per year

O :
2000

CO, sequestered via CCS
CO, sequestered via CCU
CO, sequestered via EOR

CCUS -

2010 2020 2030 2040 2050

Figure 1.3Modified graph of CCS, CCU, and EOR projections through Z)fsving a rapid
increase in CCUS deployme8erdoner, 2019)

Understanding unconventional regars and their amenability to CCUS is important

given that most oil and gas exploration and production today is from unconventional reservoirs.

In Redtail Field, there have been ~336 horizontal wells drilled and completed in the Niobrara B

and ~158 horiantal well drilled and completed in the Niobrara A, with combined dative

barrelsof oil exceeding 60MM, and MCF of gas exceeding 120MMis prolific production




combined with the relative lack of experimentation in Redtail Field makes studying CCUS

worthwhile.

To test the hypothesis that Redtail Field is an optimal location for CCUS, this research
focusedon lab work with core plug data from the Niobrara A and B in Redtail Field, specifically
exanining geologic characteristiesd replicating reservoproduction. To replicate reservoir
production, coe plugsweresaturated with fDodecane, an oily-alkane hydrocarbo(ChEBI,
2019)and subjected to a pressurized flooding witheG&dnducting lab tests in conjunction with
amalyzing the petrophysical properties of the Redtail Anreliphedassesshe viability of carbon
capture utilization, and $orage across the Niobrara A andr8m multiple perspectivesying

lab results tdredtail Field



CHAPTER 2
PURPOSE & OBECTIVES

Themainobjective of this studyasto assess the viability of carbon capture, utilization,
and storage (CCUS) over the Niobrara A and B intervals of Redtail Field in the Benver
Julesburg Basin and explore the geolabmarameters important faoinis application. This
involved running lab tests over core plugs to empirically determine porosity, permeability, and
pore space as well as flooding £&ver core plugs to determine primary and EOR recovery. A
method was then determined to tie theseadslilts to Redtail Field using porosity cutoff as the

key metric in extrapolating results.

The general process of CCUS was explored and summarized and this study looked at
current projects and past geologic screening criteria as part of the considdoatdaysoying
this technologyVariousCCUS studies and literature weneamined to use as a proxy and
starting point for researcfio summarize the results, an analygés performed on net pay, well
locations, the API gravity of oil, and flowing tubinggssure (FTPjo determinea sweet spot in

Redtail Fieldculminatingin afinal play analysis over the field.



CHAPTER 3

CARBON CAPTURE UTILIZATION , AND STORAGE (CCUS) OVERVIEW

3.1 Carbon Capture, Utilization, and Storage CCUS) Process

Carbon captureutilization, and orage (or CCUS) as it applies to the oil and gas industry
is the emerging technology to capt@é, from large point sources such as industrial power
plant facilities or through direct air captuaedsubsequent utilization by injectionto
geological formationghussuccessfully storing th€é O, undergroundor permanent storage

(IEA, 2021)

The basic process of CCUS it pertains to power plaanhd oil separatdacilities can be
broken down into a few gps. Forcarboncapture, as flue gas aD;, are expekd during oil
and gas operations and productsnd sent to a facilitythe flue gas an@0; is captured. From
there CQO; is separatethrough an additive solveand heated in ordéo recover the caon in a
separate cylinder. Finally, thmixture is heatedgainto recover th&€O, where it is cooled and

can be used for various purposes including to produce more hydrocértals 2018)

For theutilization andstorageportion, as illugrated in Figure 3, once theCO; is
separated out, it ieturnedo the naturally sealed formatigor reservoiy, where itbecoms
misciblewith the olil left in place to expel more hydrocarbons. Generally speaking (but very
dependentio reservoir conditionsafter CCUS injectior-60% of CQ is sequestered ime

subsurfacéUniversity of North Dakota, 2021)



CO, oil separator

CO2 return

i

Oil combined Oil sales
with EOR CO,

2+ Naturally sealed formation
(Reservoir)

Figure 31 CCUSprocess schematghowing a closed loop system of £laeing separated out by
an ol separator and injected back into a naturally sealed formation in the subsurface to expunge
more hydrocarbons while storing the £0 place(University of North Dakota, 2021)

There are various desig(sigure 32) for how CO: is returnednto thereservoir
including, but not limited to, a continuo@; flood, aCO:; flood followed bywater,CO; and
water alternating thetmansitioningto only water (or gas then water), and finaligpered water
alternating gas or TWAG, whicis the most common technique. With TWAG, is tapered
off over time in favor of watewheret he wat er act shydaosarbans thireughutlied t o
reservoir to productiofJarrell et al., 2002)0ften times, the approach of water and alternating

gas for flooding helps mitigate the tearty for the lower viscosity CGQo get ahead ¢br



override the oil. Thisalternatingorocess tends to spread out the flood front and therefore
increase the sweep efficien@®ice Universiy, 2019) This method can typically increase

incremental oil recovery by 5 to 25@dolm, 1987)
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Figure 32 CO; flood and injection designs schematimwing the most common injection
design and the injection design usedl&d work. Modified from(Jarrell et al., 2002)
A common approachtoG® nj ect i o nn-piusf ftoh emeft thuwfdf whi ch i s
considered a costffective method of recovery. Huffpuff is where CQis injected into a
producer for hours to day®llowedby the shutting in the weland finallyre-opening the well
for fluids to be produced. The basic EOR mechanisms for this are as follows: 1. Viscosity
reduction, 2. Oil swelling and an increase in saturation, 3. Solution drive hyaGdX.
Hydrocarbon gtraction by CQ. The soaking time, number of cycles, pressure, and injection rate
are all important consideratio(/ang et al., 2017)rhe huftn-puff approactlwasexaminedand

analyzedhrough lab experimentation outlined in Chapter 6.



The mechanism$iait worked to trap oil within theeservoir also work to trap G@nd
ensure that it will stay trappe@here arefour differentgeneral ways thafO, can besafely
trapped structurallyor stratigraphicallypeneath an impermeable barrier, residually as an
immobile phase because of relative permeability, dissolttagpingin resevoir brine and oil,
andmineralization(Hosseininoosheri et al., 2018)hese four mech&ams are illustrated in

Figure 33.

“Closed Loop System”
where CO2 Storage is
dependent on a variety
of factors including
reservoir heterogeneity

B |

mineral
trapping

non-wetting

phase

CO2 Reactivity with Carbonates dissolution  residual

4 4 = . apping trapping
Should result in more dissolution trapping" —

Figure 33 COz trapping mechanisms showing struetitrappingresidualpermeability trapping,
dissolution trapping, and mineral trappimgdified from(Hosseininoosheri et al., 2018).

Of these four trapping mechanisms, studies have shown that stratigraphic trapping
represents the highest cita of lekagebecause€ O, is still in a supercritical phase. A
supercritical phase ishereCQ; is subjected to a critical temperature and pressure where it acts

as a gasout with the density of a liqui¢so is therefore still in a mobile phaséhis is further



discussed in Chapter 3.2rapping bymineralizationis the safest mechanism. Structural trapping
is the most active trappimgechanism and over tintbe CQ becomes residual and dissolves
into water The change in structural trappioger time is shown ifrigure 34. OnceCQ; is
dissolved into water, itan then react with the rots eventudly become trapped through

mineralization(Hosseininoosheri et al., 2018)

Residual g
: Residual
Fery Trapping
After thuﬂnds ,
of Years / :
//.
" Solubility
Solubility Min apping Trapping
Trapping

Figure 34 Changeovertime in structural trapping whestructurally trapped C£becomes rore
trapped residually and by solubili(dosseininoosheri et al., 2018).

Given that CQis more reactive in the subsurfameertime compared to Ckl Figure 35
is a hypothetical view of homwineralizationbecomes a more dominant mechanism overtime
There can initially be more dsolution than precipitatioand eventually mineraationbecomes
thedominantmechanism for most of the GGtoragg Eleson, 2023)Due tohow carbonates
(e.g., the Niobrara A and B chalkgjact overtime with Cg) there is a lgher propensity for

faster mineralizatiofHargis et al., 2021)
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CO2 interacts with its subsurface
environment more than CH4

structural &
stratigraphic
trapping

residual CO,
trapping

" mineral
trapping

1 10 100 1000 10,000
Time Since Injection Stopped (Years)

trapping contribution (0 to 100%)

Figure 35 CO; interaction over time showing more of a trapping effect compared o @ker
time, especially with carbonates becauseofC@ act i vi ty, there the a MfAca
COe is stuck in the pore spac@seson, 2023)

Calculating the trappe@0O, can be done in a number of ways, but a common approach
(Hosseininoosheri et al., 201i8)to Iook at the amount of injected G@s a function oftte
summation afCO, dissolvel in oil, CO, dissolved in brine, residu@O; becase of relative
permeability,mobile CQ, mineralzed CO, (trapping dued mineral precipitatioy and CQ
producedT he fef f e c tpping & sirapdy shaliffecehce betwaen the amount@D;,

injected versus the amount GO, produced.

To evaluate CCUS, the gross aret utilization ratio (Figur&.6) can be used
(Hosseininoosheri et al., 2018his method provides @ha pgda ppl es 0 compari son

effediveness of C@storage acrasvarious felds and plays.
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Injected CO,

Gross Utilization Ratio = Produced Oil

Injected CO; — Produced CO,

Net Utilization Ratio = Sroduced Oil

Figure 36 Modified image ofratios of injected C&to produced oil both gross and net
(Hosseininoosheri et al., 2018).

Studies evaluating the nature of £@ethane, and nitrogen with crude oil at reservoir
conditions have shown th@0O; behaves in a preferable manner in the reservoir. It is more easily
dissolved into oil and the dynamic viscosity is two to three times higher than comparable gasses

(e.g., methane and nitrogen) and has preferable compresgtiityar et al., 2018).

When flooding heterogeneous reservoirs witt,, vaiious chemical agents are typically
added to the injected fluiw reduce any potential problems that can afisancrease the
exposure of Ceby increasing its exposure to displacing hydrocarbons leffiemdservoir,
various chemicals can be laced with nanoparticles which senrgacosityand improve the
overall EOR efficiencyFakher& Imgam, 2020) The addition of these nanopatrticles, which
create Afoaming agent s o aationsfinjeated fluelsdfarc e t he gr
Amaxi mum sweep efficiencyo. Thedientkepagparticl e
attracted to water moleculea) one end andn the other end, hydrophobic (i.e., they repel water)
and lipophilic (meaning they are attted to oils or fatgAl-Shargabi et al., 2022Jhis unique
combination allows for a reduction in the naturatface tension of water and oil whigfctrease
the contact angle arhuss wetting tensia to decrease 8 to 10 times thiaatherwise woulde
(Hu et al., 2018)The effect is seen in Figure73This application of chemical EOR is outsi
the scope of this report bah understanding of nanoparticle reactioth hydrocarbons is

important in the overall scope of EOR.

12



Figure 37 lllustration of the effect of a foaming agent created by enhancingW®
nanoparticle surfactants to decrease the surface tension between water and oil and free up more
hydrocarbongAl-Shargabi tal., 2022).

3.2 Propertiesof Carbon Dioxide

Given atmospheric pssure and temperature, £i®a colorless, odorless gas that is ~1.5
timesheavier than aifVerma, 2015)CQO, has proven successful in heavy oil or fractured
reservoirsand it is justifiably undeconsideration for tight olleservoirqTovar et al., 2014)For
the purposes of CCUS where €© subjected to the pressure anuperature of the subsurface,
itis i mportant to observe andarwemder sntga fid utpree cir p
stateo as s h.€®mneachimya Bupeyctticat stefehie®ed with a pressurabove
~1,070.¢si,and a temperature above ~87.9°F. Once supercritical state is reacheshdCO
liquids can coexist. The density of €@t this point is close to a liquid, but its viscosity is
relaively low (~0.050.08 cp) which lowers the viscosity of the oil in pld@erma, 2015) This
low densityof CQwhi |l e in a more Aliquido |ike phase h

easier than gaseous gQarrell ¢ al., 2002)

13
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Figure 3.8Pressurand temperature parameters where different stages £§t&i@& are achieved
showing the supercritical fluid point at a pressure and temperature thré@3kphttment of
Energy, n.d.)

Injected CQ can become miscible or remain immiscible with oil depending on pressure,

temperature, and the properties of the oil in formation. A miscible reaction is preferred as it
typically results in higher oil recoveri¢germa, 2015) | n addi ti on, 2intohl e
will help improve sweep efficiency which results in additional oil recoystartin & Taber,
1992) Sweep efficiency is strongly dependent on mobility réitie rate and efficiency of oll
displacemenby other fuids) where the lower the mobility ratio, tiégher the sweep efficiency.
This sweep efficiencis also dependent on the purity of thex0@ected. Miscible CQflooding
can be used to recover oil with an Afravity higher than 25° (which is observedthe

Niobrara) and with a C&source available, miscible G@ooding will be more cost effective

14
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than using natural gas. A breakdown of gases used for miscible gas injection by minimum
miscibility pressure (MMP), sweep efficiency, cost, angitn oil neededs shown in Table 3.1

where CQ lowers the MMP require@/ang et al., 2017)

Table 3.1Recreatedable of comparison of different gases for miscible gas injection whetre CO
has a high sweep efficiency and is effective if in situ oil is greater thaARI (Wang et al.,
2017)

Comparison of gases used for miscible gas injection
Gases MMP Sweep efficiency Cost In situ oil
CO, Lowest  Highest Medium  >25 "API
Natural Gas Medium Medium Highest =30 "API
Ny Highest Lowest Lowest  >40 "API

Fracture systems, which are particularly prevalent in the Niobrara, playparntant role
in COe flow and unconventiongllays Fractures at different scales increase trgact area
between C@and the matrix and impadie overall flow and transport process where. Cauld
dominate flow through the fractures as they offer the least resistance and could disrupt the flow

of CQy into the matrixWang et al., 2017)
3.3CCUS Geologic Parameters

The main objective of this aily is to determine the geologic parameters suitable for
CCUS.Among other variables, this project examinedAlRd gravity of oil, pressure,
temperature, reservoir thicknepgrmeability, porosity, and reservoir dip. While a variety of
reservoirs are swblefor CCUS as illustrated iffable 3.2 the miscibility of CQ with oil is

preferable as thdgetter facilitates productiofiKoottungal, 2012)
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Table 3.2Recreatedable showing EOR projects broken into lithology, posggermeability,
depth, gravity, viscosity, and temperat(i®@ottungal, 2012)

Number of Lithology Porosity Permeability Depth Gravity Viscosity Temperature
Projects (percent) (md) (feet) (°API) (cp) (°F)
Miscible
42 ss. 7-26 16-280 1,600-11,950 30-45 0.6-3.0 82-257
2 ss./ls.-dol 10 4-5 5,400-6,400 35 1 170-181
41 dol. 7-5 2-28 4,000-11,100 28-42 0.6-6.0 86-232
12 dol./ls. 3-12 2-5 4,900-6,700 31-44 0.4-1.8 100-139
6 Is. 4-20 5-70 5,600-6,800 39-43 0.4-1.5 125-135
1 dol./trip. Chert 13.5 9 8,000 40 NA 122
7 tripolite 18-24 2-5 5,200-7,500 40-44 0.4-1.0 101-123
1 inadequate data
Immiscible
3 ss. 17-30 30-1,000 1,500-8,500 11-35 0.6-45 09-198
dol. 17 175 1,400 30 6 82

ResearchGozalpour et al., 2005hows that the API gravity of oil and remaining oil
saturation can make up almost hdltte determining facr for CQ enhanced oil recovery or
EOR (Table 3.3. While this projectfocused on thoskactors empiricallyand analyticallyother

important factors such gsessure, reservoir thicknesisould also be considered.

Table 3.3Tableweighting various paranters for suitable EOR reservdieozalpour et al.,
2005)

Optimum reservoir parameters and weighting factors
for ranking oil reservoirs suitable for CO, EOR
) Optimum Parametric
Reservoir parameters )
values weight

API Gravity (°API) 37 0.24
Remaining oil saturation 60% 0.20
Pressure over MMP (MPa) 1.4 0.19
Temperature (°C) 71 0.14
Net oil thickness (m) 15 0.11
Permeability (mD) 300 0.07
Reservoir dip 20 0.03
Porosity 20% 0.02
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As shown pressure oveminimum miscibility pressure (MMP) is an important
consideration for COEOR. MMP is considered to be the pressure where the interfacial tension
(IFT) disappear§Saira etal., 2020) Oi | recovery eroefaiisew,andd st ead
shows diminishingeturnswhen MMP is me{Verma, 2015pas displayedh ahypothetical sense
in Figure 3.9 When reservoir pressure is above MMP, misdipdiccurs and the higher
weighted hydrocarbons vaporize into theg{Merchant, 2010)When reservoir pressure is
below MMP, recovery is not as favorable 8@ nd o i | are no(atin®& a fAsi n
Taber, 1992)
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Figure 3.9Representatioto demonstrate when MMP reaches a steady (&atiea et al., 2020)

The interfacial tensiofiFT) is found to decrease as pressure increases and this
relationship is nearly linear. Empirically, the IF$ing modified CQwas less than using pure
COz where the addition of a polymer, alcohol, or surfactant can have a marked improvement in
displacement efficiency. Looking at a simuthteaodel, as shown in Figure 3,Xhanol treated
COz results in an incres in oil recovery, storage efficiency, and net stored Ei®anol treated

CQOz is defined where 4 W is comprised of ethan{baira et al., 2020)Jsing ethanol plants as
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a consideration for a GQ@ource is examined in Chapter 3.6, so given the inalaasevery

factor with ethanol treated GCthis increases the potentiaability of this source.
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Figure 3.1@8D simulated model results for immiscible, near miscible, and miscible conditions
for (a) oil recovery, (b) C&storage efficiency, (c) net GBtoredshowing ethanetreated CQ
enhancing eac{Baira et al.2020)

The PermiamBasincontains the most activeO, EOR projets primarily because its
reservoirs are amenable to £i@oding, large natural sources of G@rein close proximity and
it is currently the most prolifibasinin the United StatesHowever, CQEOR projects are
becoming moreommonin other regions becausetbk increasingly low cost of G@nd
general increased interest in the technol&gyeening reservoirs for GE&ORrelies heavily on
finding a suitable depth, temperature, pressure, permeability, oil gravity, viscositypead p

space as shown ifable 3.4(Rice University, 2019)
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Table 3.4Tableshowing screening for GEOR suitability byamended fronfRice University,
2019)

Screening Reservoirs for CO2 EOR Suitability
Depth (ft.) 2,000 to 9,800
Temperature (°F) Less than 250
Pressure (psi) Above 1,200
Permeability (mD) Above 1
Oil Gravity (API) Above27
Viscosity (cp) Below 12
Fraction of Pore Space Less than 0.25

Comparing tlese parameters to the Niobrara A andnBst of thecriterionare satisfied.
Because the Niobrara A and B are unconventional reservoirs, permeability is well below what is

corsidered ideaand pessure is below ideal, but not by a large margin.

Table 3.5Comparingdeal screening parametersTiable 3.4to data from the Niobrara A and
Niobrara B.When optimum value is met or close to being met, this is shown in green and yellow
respectively. When results are substantially lower than the optimum value, this is shown in red.

"Ideal" Niobrara A & B
Depth (ft.) 2,000' to 9,800' [ =5,000" to ~7,000
Temperature (°F) Less than 250 ~60-90(F)
Pressure(psi) Above 1,200 ~500 to ~700
Permeability (mD) Above 1
Oil Gravity (API) Above 27 ~2959
Viscosity (cp) Below 12
Fraction of Pore Space| Less than 0.25

3.4CCUS Maturity & Current Projects

Developed by NASA in the 1970s, the Technology Readiness Level (TRL) esowid
shapshot as to the level of maturity of a given technology. It is used by the International Energy
Agency (IEA) to show the readiness of a certain technoleghawn below in Figure 3LXIEA,

2020)
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Initial idea
Basic principles have been defined

Application formulated
Concept and application of soluton have been formulated

Concept needs validation
Solution needs to be prototyped and applied

1
2
Early prototype
Prototype proven in test conditions
5
6
7
8
9

Large prototype

Components proven in conditions to be deployed

LARGE
PROTOTYPE

Full prototype at scale
Prototype proven at scale in conditions to be deployed

Pre-commercial demonstration
Solution working in expected conditions

DEMONSTRATION First-of-a-kind commercial

Commercial demonstration, full scale deployment in final form

Commercial operation in relevant environment
Solution 1s commercially avallable, needs evolutionary improvement to stay competitive

EARLY ADOPTION Integration needed at scale

Solution is commercial and competitive but needs further integration efforts

Proof of stability reached
MATURE " Predictable growth

Figure 3.1 Readinss level scaléor technological projectapplied by the IEAIEA, 2020)

By this measure, CCUS as it relates to oil and gas operations ranges from the small
prototype to mature phase. Synthetic liquid hydrocarbon and si@@mnfrom a port to
offshore is in the large prototype phase,.@ depleted oil and gas reservoirs is in the
demonstration phase, G&torage for saline formations is in the early adoption phase, and
finally, infrastructure for C@transport and use BBnhanced Oil Recovery (EOR) is in the
mature phas@EA, 2020) AlthoughEORIis in the mature phase, there may be disagreement
with the assertion of the growth being predictable as tersignificanpolitical headwindsand
therefore eanomic uncertainty around CCUS. Additionally, thexstill asignificant amount of

scientific work to be done in looking at different types of oil and gas plays.

Looking at the global pipeline of comme&kCCUS facilities (Figure 32) boh

operating and in development from 202021, we see tremendous growth from 2020 to 2021
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with facilities both in advanced development and annouynceerethe majority ofthese

facilities are for natural gas process{ftigA, 2021).

Number of Commercial CCUS Facilities by Year from 2010 through 2021
225

175

125

“lll e e o mm B
s I B BB EREEEEENI]

Operating @ Under " ® Carly and snngenced

Figure 3.2 CommercialCCUS facilities since 2010 operating, under construction, developing,
and announcenhodified from(IEA, 2021)

On aglobal scale, CCUS (EOR) is expedtto capture ~6 gigatons of €y 2050
(Serdoner, 2019)To put this number in perspectitbe wotd released 31.5 gigatons of €t
2021 which iclose to 2019 levels and a ~4.8% increase from 2IE2 2021) Thereforethe
projectionof CCUS efforts in 205@vould represent ~19% of o d £@@wput This was

previously shown in Figure 1.3.

Current CCUS projectd-igure 313) in the United States are concentrated in the Permian
Basinand constitute-204.4 of the-300 MM Bbls/dayof entanced recovergs of 2019While
more limited there isalsoactivity in the Rocky Mountain region. Chexm, who isactive in the
Permian Basin and in the Rockies, now operates ig#éise Pony Fiel§Advanced Resources
Internatonal, Inc., 2020jJhoughas of yet has no knowplans for EOR projects in this arddne
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East Pony Field is adjacentttte RedtailField where Fundare Resources is the primary operator
in the Redtail FieldPart of the reason for the number of projecthe Permian is existing
infrastructure as the industry has spent more #iabillion on 2,200 miles of CQransmission

and distributiorpipeline infrastructure for C&looding (Rice University, 2019)

Table 3.6Tableof CCUS projects by enhanced recovery for end of year 2019 showing more
than half the projects by number, enhanced recovery, and supply occurring in the Permian Basin
region(Advanced Resources International, Inc., 2020)

Updated U.S. CO, EOR Survey (EOY 2019)
Region | Enhanced Recovery* CO; Su
pply
No. Projects (MBID) (MMcf/D)

Permian Basin (W TX, NM) | 80 _ 204 4 ‘ 1,830
Gulf Coast (MS, LA, E TX) | 25 | 433 | 600
Rockies (CO, WY, MT,UT) | 17 ' 38.8 _ 445
Mid Continent (OK) | 10 | 1.3 | 135
Mid West (MI) 10 14 20

Total 142 2993 3,030

EOR prgects are limited in the Rockies region bothhiramount (17) making up only
~12% oftotal, and by enhancee38.8MMBbls/dayrecovery making up ~13% of overall

estimated recover§Advanced Resources International, Inc., 2020)

Figure 3.13 shows a geographical distribution ot EOR projects where the majority
are focused in the Permian Basin and Gulf Coast area. While there is activity near this reports
study area in the Redtail Field, the relative lack of projects and swdrggayoduction in the
DenverJulesburg Basin offers the opportunity for further study of the Niobrara A and B as a

potential suitable target for CCUS.
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Figure 313 Statusof the U.S. for CQEOR projects for end of year 20{Advanced Resources
International, Inc., 2020)

Figure 3.14summarizegurrent projects on a global scale bmth CCUS and CCS with
North America and Europe leading the way at 36 (of which 31 are in the United States) and 65
projeds respectively. In @ United $ates, 21 of these 31 projects havaating date of 2020 or

later,demonstrating the immense growth and interest in CCUS projects.

CCUS Projects _by Region

F <&
- Russia and
3 Central Asia
- 1
oY ©:N Asia Pacific
iddle East 27

Figure 3.14Recreated Ilghal CCUS projects byegionshowing most occurring in Europe and
North Americaamenad from(International Association of Oil & Gas Producers, January,
2022)
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3.5Previous CCUS Work

Previous research into CCW8enuses geological screening criteria as a basis for
reservoirs in the United St that are suitable for the €BOR processThese criterianclude:
gas to oil ratio GOR), API gravity, reservoir volume, mimum reservoir thicknessninimum
reservoir permeabilityoil viscosity, minimum miscibility pressure, and reservoir fracture
pressurgCarolus et al., 2018jWarwick et al, 2017) A successful COEOR project could add

5 to 15 percent adriginal oilin place QOIP) to ultimate recoveryRice University, 2019)

An analog for gpotential CCUS project in thdiobrara is the_.ower Eagle Fordbase on
similar mineralogical compositionsetween botl{Cho et al., 2016) ike the Niobrara, the
Lower Eagle Foravas depositeduring the late Cretaceoas a result of rapid deposition in a
low energy marine environment, creatinuainated and calcareswrganic rich shalgHentz &
Ruppel, 2010)Mineralogical data from XRD shows similar mineralagymparingthe Niobrara
to the Lower Eagle Forshown in Figure 35 where the dominant clay is illiend an illite

smectite mixtire is found in both the Lower Eagle Ford and Niob(&tzo et al., 2016)
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Figure 3.15Ternary plot showing comparison of mineralogy from the Niobrara, Lower Eagle
Ford, and Middle Bakkewhere the Niobrara and Lower Eagle Ford have a similar
mineralogcal compositior{Cho et al., 2016)

Observing the porosity to permeabiliglationship while the Niobrara overall has a
higher permeability, the porosity range is simdaris theelationship looking at permeability as

a function of porsity (Cho etal., 2016) This isshown in Figure 3.16.
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Figure 3.168Crushed core porosity to permeability relationship from the Niobrara, Lower Eagle
Ford, and Middle Bakkeshowing the Niobrara and Lower Eagle Ford having a similar
permeability to porosity relati@hip where the Niobrara has approximately twice the
permeability(Cho et al., 2016).
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Establishing the_.ower Eagle Ford as an analfog the Niobraraan EORproject to
examine ioneby EOG Resources in the Eagle Ford from 2@Ar@liminary expectationsyb
EOG estimated productionuplift of ~1.3x1 1.7x(EOG Resources, 201@xamining the
success of this project, an analysysAmerican Resources International showed an uplift of
~1.36% which confirmedE OG 6 s e(blationahBniergy Technology Laboratory, 201B)is
dataprovides some promise to the viability of future projedisderstanding the geologic
parameters of the Niobrara is imperative for this stodyetermine how the Niobrara could b

uniquely suited (or not suited) for potential CCUS projects

3.6 Potential Carbon Dioxide Source by Ethanol Plant Proximity

An obvious challenge fa€CUS is where to source G®om considering both
availability and coseffectivenessGiven the success storage efficiency and ultimate oil
recovery with ethanol treated G@spreviouslyshown in Figure 3.10ethanol plantsvere

examinedas a potential C&source.

Examining the basic schematicaf ethanol plant in Figurel3, after the corn is
proessed and undergoes fermentattbe,primary products of an ethanol plant is not only
ethanol, but also C{anddistillersgrains with solubles)Through the fermentation process
CQOuis produced in large quantities before ethanol is prod(Reipps, 2022)Figure 3.18 shows

the breakdown of the demand for U.S. corn.
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Figure 317 Ethanol Plant Fermentation Proces®wing CQ, ethanol, andlistillersgrains with
solubles as the primary products, modified fr@thipps, 2022)

Demand for U.S. Corn 2020-21

. Seed, 0.2%

Figure 3.18emand for U.S. Corshowing~33.8% is for ethanol. &reated fronfHeartland
Family Partners, 2021)



About half of the domestic Gyproduct is derived from 48 ethanol plants, amast of
these plants are located in the Midwest. The average ethanol plant emits ~150,000 metric tons
(or 0.00015 gigatons) per year of BIA, 2023) Putting tlis number into context and as
previously notedthe world releasd 31.5 gigatons of COn 2021(IEA, 2021) Figure 3.19
shows the distribution of CQBources from ethanol fermentation on a national level where Figure

3.20 is a more zoomed in look at the Midwest meant to be taken qualitati

CO, sources from ethanol fermentation
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Figure 3.1%thanol plants by C&emission to look at areas for potential F@movalamended
from (Great Plains Institute, 2018)
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Figure 3.2CEthanol plantsn the Midwest United States by G@mission(EIA, 2023)

Establishing ethanol plants as a viable optiorstarrceCO, there are optionwithin the
vicinity of theRedtail Field. There is a proposeapture facilitypy Summit Carbon Solutions
~300 miles wetsof the Redotail Field thas being pitched as the largest carbon capture project in
the world. This projecspans across 5 states (lowa, Minnesota, North Dakota, South Dakota, and
Nebraska)is expected to store 12 million tons@®, underground annually, involves 31 ethanol
plants, and ~2,000 miles of pipeline. Operatisreseexpected to begin in 20Z&ummit Carbon
Solutions, 2022)Given the average plant emits ~150,000 metric tons ofg@®year(EIA,
2023)andconsiceringthere are 31 ethanol plants for this project, this would equate to
~4,650,000 metric tons or ~0.00465 gigatons per.yider distance ahe southeast area of the
Summit Carbon Solutions projerlative to theRedtail Feld is shown in Figure 3.2%ith

ethanol plants shown in blue.
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Figure 3.2llmagemodified fromEthanolPlantsMap showing distance from proposed capture
facility relative to Redtail Field ard&lA, 2023)

3.7 CCUSand CCS Considerations andChallenges Moving Forward

In Octoberof 2023, Summit Carbon Solutions announced the delay of ibp{P@line
project from 2024 until 2026. This was driven in part because of a permit denial by South Dakota
Public Utilities CommissioiiGeoge, 2023) Anotherlarge scale proposed pipeline (estimated to
capture 15 million tons of carbon dioxide annually) was recently canceled. The Heartland
Greenway pipeline project proposed by Navigator CO2 Ventures was cancelled as of October,
2023 wherehte company cited an unpredictable regulatory process as the reason. Thaile300
pipeline was proposed across South Dakota, Nebraska, Minnesota, lowa, and lllinois. project

(Douglas, 2023)
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While CCS is not the focus of thissearch, a comparison of tineique risks and

regulatory hurdlebetween CCUS and CQtlps add contexfason Eleson from the Geolntegra

Group put together a helpful comparison characterizing some of the risk elements between

CCUS and CC%Eleson, 2023as shownn Figure 3.22

Trap Risk

Seal Risk

Reservoir Presence
& Quality

Internal Baffles &
- Barriers Risk

Geo Risk

Seal Compromised
by Prior Drilling

Risk of exceeding
frac gradient

Human Risk

Induced Seismicity
L Risk

Available
infrastructure?

Figure 3.22Riskfactors for CCUS compared to CCS taking into consideration both human risk

cees | @aaa

Risk Matrix:

Commentary

Presence of hydrocarbons confirms trap presence

Presence of hydrocarbons confirms seal integrity, though gas
traps have lower risk

Economic oil/gas production indicates low risk for reservoir
presence and quality

ing on reservoir type and of
internal baffles and barriers may exist

Higher risk due to multiple well penetrations, incomplete
cement jobs, cement jobs that leak at higher reservoir
pressure, and/or corrosive nature of CO2 in solution

Reservoir pressure drawdown from oil/gas production creates
low risk for exceeding frac gradient

Reservolr pressure drawdown increases effective stress on
reservoir and faults, decreasing likelihood of movement
during injection

Low Risk

and geologic characterizatigileson, 2023)

4= Vedium Risk

Commentary

[a]
[n]
=
wv

25588 ««f

Trap usually identifiable from existing wells or seismic data;
strat traps may be more subtle

Seal has never been tested with non-aqueous fluid; seal
quality may vary along the reservoir target, seal may be
comaromised by unmapped faults

Reservoir usually mappable and quality can be confirmed with
prior well data or newly acquired data (Triple Combe, NMR,
Core data), pressure pulse tests, etc.

Lack of abundant well penetrations results in less knowledge
of reservoir geometry and increases chance of unmapped
barriers and baffles

Generally lower risk for compromised seal due to fewer wells,
but risk remains if target 2one is sandwiched between
produced oil/gas zones above and below

Risk is higher In normally or overpressured reservoirs. May
require drilling downdip water producers to keep reservoir
pressures below frac gradient

Unmapped faults and normal or overpressured reservairs
increase chance for induced seismicity

Less likely to have infrastructure in the area, so all equipment
will likely have to be built from scratch. Upside is no
retrofitting of old equipment is necessary

High Risk

A large advantagifom a geologal perspective thaftCUShasover CCS, is that

hydrocarbons have already shown the ability to stay trapped in the subsurface over time. While

sequestering COs fundamentally different, conceptually sequestration or fluid trapping is

already proven.

For CCUS (or EOR) the EPA classifies wells as Class Il whereas for CCS, the well class
is Class VI. As of 2020, 134,650 wells were classified as Class Il and only 2 were classified as
Class VI(Jones, 2020)To date for Class VI wlls (for CCS), only North Dakota and Wyoming

have state primacy (i.e., the ability for states to enforce their own authority over the regulatory
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process)Houston CCS Alliance, 2023for a well to transition from a Class HQR well) to a
Class VI, the well owners must obtain a Class VI permit. Additional requirements for Class VI
geologic sequestration (GS) wells that are not applicable for Clds®R) wells include, but

are notlimited to analyses on potential seismicitpnfining zones, remedial response plans,
monitoring injection pressurand more frequent testirfdones, 2020While CCS projects have

a larger tax credit of $40.89 per metric ton in 2023 increasing to $50 by 2026 thaf$EORL

per metric ton in 2023 increasing to $35 in 20@&nes & Marples, The Section 45Q Tax Credit
for Carbon Sequestration, 2028)e additional regulatory hurdles will factor into the economic
feasibility. Promisestill remains for large scale G@aptureprojecs, but there arehallenges to

overcome
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CHAPTER 4
REGIONAL GEOLOGY
4.1 Depositional Environmentand the Western Interior Cretaceous Seaway

A foreland basin setting produced the Upper Cretaceous Neowtach was deposited
~81.7 to ~89 million years agd&onnenberg, 2011)aramide structural modification is the
primary control on thermal maturity, which is imperative for identifying adequate source rocks
and reservoirs. Timing of generation and matarais primarily controlled by Laramide
sedimentationAs shown in Figure 4, there is an increase in TOC% and a decrease in clay and
sand content as we move from west to daatdon et al, 2001)'he Western Interior
Cretaceous Basin is asymmetricallwilhe thickest part along the western margime original
image showedn overall increasing TOC% to the east, we now know the TOC% in Kansas and
Nebraska is not as high as thoudfttis is possibly due to the influence from the Hudson
Seaway to the norffast being connected to the Western Interior Seaway terminating chalks on

the east side of the Western Interior Cretaceous BSkttery et al., 2013)
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Figure 41 Schematic of the Western Interior Cretaceous Basin during Niobrara time modified
from (Landon et al., 2001)

Basedort h e Ni stiatigraphia gostioning between the PigBarlile shales
hydrocarbon migration is close to generatjbandon et al., 2001)'hewater column in the
Westen Interior Cretaceou$eaway was a combination ofater, nutrient rich, carbonate poor
arctic water from the north, mixing with warmer, oxygen poor, carbonate rich water from the

south(the Gulf ofMexico) as shown in Figure2(Lowery et al., 2017)
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Approximate Redtail Field
Location Starred

Figure 42 Schematic of the Western Interior Cretace®asin water mixture during Niobrara
Time modified from(Lowery et al., 2017)

The origin of the Western Interi@retaceouasin is mostly fronsubductiorof the
Farallon plate under the Rocky Mountginich created accommodation spémea
sedimatary basirto develop(Liu et al., 2014)Late Cretaceoushallow marine sediments
provide high quality bieand chronestratigraphic contrafWeimer, 1983helping delineate the
basin as we move from west to e&bm westwed and northward, the influx of sildastic
sediment diluted the carbonate sediment subsequently lowering the TOC%ovathesvestern
sideresulting in a carbonate environment primaegstof Utah(Longman, et al.,1998A

generalized schematif this is shown in Figure 3.
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Figure 43 Modified generalized west to east cressction view ofiliciclasticsshedding into the
DenverJulesburg Basin interminiglg with limestone and chalauffman, 1977)

The Niobraras an alternating series of chalks and marls. The thickness, depending on

geographic locatians approximately 0 6

and

t

he T ®Bt%(Somegnbesg, f r om

2020)increasing until it reachdsansasSedimentary bypass acothe basin created

unconformities and subtle imbalances in sediment supphg controlled by shifts in the fluvial

delivery. Sibsequerty, generation of accommodation spag&s controlled by rates of basin

subsidence varying regionally across the badwe. Late Western Intericg@retaceouasin was

shallow andow relief and therefore momensitiveto global sedevel change, and flexural

rebound(Liu et al., 2014)
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4.2 Stratigraphy

As shown in Figure 4.4the Upper Niobrara is overlain by the Sha8prings and is
dividedinto the Niobrara A, B, and C chalksdtheFort Hays Limestone which are all

interbedded witiNiobrara A, B, and @narls that are the source beds for the different reservoirs.

Source | pIERRE SHALE | Typical
Pay Rock ‘ Depth

* SUSSEX(TERRY)SS ) 4300
| PIERRE SHALE ‘

. SHANNON ‘/" 4800°
—(HYGIENE) S:
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. e 6800
; NIOBRARA “A”

SR g
NIOBRARA “B”
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\
SRS 7600

- __J;SAND

8 4 DAKOTA SAND 7800

Figure 44 Generalized stratigraphic column for thebtara specifically for the Wattenberg
Area(Sonnenberg, 2011)

Figure 4.5llustratesthe relative sea level, duration of deposition, intetvahsgressions
and regressiongnd age of the various intervals of the Niobi@&@gman, 202Q)The marls

within the Niobrara system were deposited during regressive events that caused sea level to rise

during these time@arlow & Kauffman, 1985)
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Figure 4.5Stratigraphic column for the Niobrara showing relative sea level,idnrat deposit,
and age of depogmodified from(Longman, 202Q)

As shown, the Niobrara B is often segregated into the B1 amwgeB2often analyzed
individually in this studyIn the B2 marl, we see a large amount of carbonate deposition in a
relatively short period of time (~600,000 years) which helps explain tdugtivity of this

interval.
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The Niobrara is a seourced resource play with seals (and source rocks) such as the
Sharon Springs creating effective trgBsnnenberg, 2011The Niobrara AB, and C chalk
benches act asraservoir The hydrocarbons haween identified abeing sourcedominantly

Type Il (oil prone) kerogens (as st in Figure 4.5.

T'YPE-I
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Niobrara A, B, and C
hydrocarbons are
Type-Il kerogens

HYDROGEN INDEX

300

150F] |

T TYPE-lIl
050100 750 200

OXYGEN INDEX 000
Figure 4.6Modified Niobrara Van Krevelen diagram showing Niobrara source rocks to be
dominantly Type Il kerogens. There is a decrease in Hl values with increasiabdepth and
thermal maturityPollastro & Martinez, 1985)

High resistivity anomalies are thought to come from the presence of oil in fracture
systemgSmagala et al., 1984hough another cause could be those fractures filling with calcite
(Sonnenberg, 2011etrophysial analysis helps distinguisind delineat¢he Niobrara chalks
lending better insight into the relatipeoductive potentidbased on gammay, resistivity, and
porosity. Figure 4.7showsmy Razor 252514H study welformation top analysis for th&haron
Springs down through the Carlile where the Niobrara A, B1, B2, arfth{Rintervals are

shadedight blue This work was doe using the Petra software.
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Figure 4.7Petrophysical overview for the Razor-2514Hdelineating the chalk reservoir
intervals (shown in blue) from the marl intervalgh resistivity shaded at 15 olhm.

Themost favorablgetrophysicapropertiedor hydrocarbon exploratiofwith increased
resistivity and porosity) arever the Niobrara A and B (particularly the BExamining he

viability of CCUS over théiobrara A and Bvasthefocus of thisstudy. While not the focus of

this study, the Niobrara @nd Codell are targeted in certain parts of the Redtail Field as well.
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Table 4.1shows the interval thickness for RazorZZ14H for the Sharon Springs,

Niobrara A, and Niobrara B split up into the B1 and B2 intervals.

Table 4.1Formation thickness for éhSharon Springs, Niobrara A, and Niobrara B intervals over
the Razor 22514H.

Formation Reservoir Thickness (ft)
Sharon Springg 47

Niobrara A 36'

Niobrara B1 26'

Niobrara B2 43'

| analyzed the storage capacity (i.e., porosity) compared to flpacitg (i.e.,
permeability) to come up Whistpbrositylarm permeabilty s t o ¢
data came from Cokebas it yielded a more complete dataset of porosity and permeability
compared to my lab worgof just 9 data pointsA modified Lorenz Plot is showin Figure 4.8

discerningflow units relative to formation by depfbor the Razo25-2514H

Lorenz Plot .
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Figure 4.8Modified Lorenz Plotfor the Razor 22514H wellwith 4 distinctflow units
delineated by cumulative flow to cumulative storagpacity.Storage and flow capacity
percentage is shown relative to the overall storage and flow capacity of the dataset.

41



Observing tle modified Lorenz Plo# distinct flow unitsare visiblewhereFlow Unit 1
can be further broken down into 4 parts (Rotigh D).Unit 1 generally defines theay zoneof
the Niobrara B (both B1 and B3} well as a hydrocarbon bearing portion of the Niobrara A
Flow Unit 2 defines theniddle to upper hydrocarbon bearing zone of the Niobrara A and has a
higher relative flowto storage capacity. Flownit 3 defines the area just above the Niobrara A
and is a low permeability to porosity interval and not a hydrocarbon bearing zone. Fioally,
Unit 4 is justtwo data points and defines an area closer to the Sharon Spteysijust above
a hot shale markem Figure 4.91 tied the porosity and permeability détam Cord_abback to
my petrophysical overview of the Razor-2514Hand incorporated the T2LM curve from NMR

logging. T2LM represents the geometric mean offtReelaxation time and is a proxy for

permeability
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Figure 4.9Defined flowunits (4) compared t@amma ray, resistivity, neutron porosity, density
porosity, T2LMas well as porosity and permeability détam Cord_ab)
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As expected, the T2LM cunis highly correlated with the permeabilityda
measurements. A cutoff of less than approximat@lynilliseconds corresponds to thay zone
and also reonfirms the marls in between the Niobregaervoir chalkntervals.Qualitatively,
the T2LM curve closelynirrors thedeep resistivity curve and-mnfirms the hydrocarbon
bearing zones. The one Aoutliero permeability
correspond to a higher T2LM but is believed to be a real datalpaset on the porosity values

from CoreLab as well as my test results in Chapter 6

4.3 Structure of the DenverJulesburg Basin

While discerning the local structural geology of the Niobrara A and Niobrara B is
imperative for this study, an understanding of the structure of the Déuksburg Basin helps
put this into contextThe Western InterioCretaceou$eaway was bounded by a fold thrust belt
to the west and craton to the ed®¢feimer, 1983)Created using Petra softwarle,¢ A t o A0
cross section, showm Figures4.10 and 4.11highlights the asymmet nature of the Denver

Julesbug Basinover Redtail Fieldvith deeper structure to the west.
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Figure 410 DenverJulesburdgasinstructure map of the Niobratap shown over Redtail Field
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a dramatically shallowing structure as we move to the east
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CHAPTER 5

STUDY AREADATA & METHODS

5.1 Redotail Field Overview, Previous Work, & Structural Geology

Multiple studies from the Colorado School of Mines have been published on Redtail
Field. These includébut arenot limited to) Kazumi Nakamura who examined the
chemostratigraphy of the Late Cretaceous in the Western Intliagamura, 2015)auren
Stout who looked atarbonisotope data to compile a chemostratigraphic framewandk
correlationfor the Niobrara Formatiowith data also provided by Whiting Petrole8tout,
2012) Scott Manwaringvho focused on the productiamd geological drivers of the Niobrara A
(Manwaring, 2021)and Adam Simonsen who compiled a geologic reservoir characterization of
the Niobrara BSimonsen, 2022Both Scott Manwaring and Adam Simonsen examined and
analyzed the Razor 2Z514H core for their researamd parts of my analysis built on some of

their work.Most of the imagesor Chapter 5 were created in Petra.

The Redtail Fields located in the Denvelulesburg Basin, in northeast Weld County
coveringTownshipslON59W to 9N57W from northwest to southe&sgure 51 (a repeat of

Figure 1.1showsthe Redtail Field extents
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Figure 51 Redtail Field study areia northeast Coloradocontoured on the NiobrarA structure

Figures 5.2 and 53 shows the overall structural profile across the field with dedip

than 1 degree ardkeper to the west as expected.
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5.2 Petrophysical Data Analysis Methodologg Overview

As part of this study, | analyzed log data using a combination of publieljable
petrophysical log data and specialty logs provided by Whiting Petroleum. From Whiting
Petroleum, the MUDTOC Consortium received an abundance of data including, but not limited
to: LAS data, core photos, water, oil, and gas saturation data,rantre core analysis. My

analysis was done in Petra.

| applied a log normalization per a method laid out by IHS Md&Hdi® Markit, 2020)
over the Redtail Fieldlhere @mma ray logs normalized to better help delineate forméabios.
For normalization, | first selected a subset of wells in the Redtail Field where LAS data exists
(252 wells), then isolated the gamma ray values over the interval on formation tops from the
Sharon Springs through the Niobrara B2 base. Neah anormalization using a base line shift
for a final gamma ray value. Neutron porosity and density porosity logs aided in characterizing

overall porosity, and resistivity helped identify pay zones.

This researcfocused not onlpn the east side of the fiklaround the Razor 22514 the
study well, as denoted by thred statbelow, but over the Redtail Field as a whdkegures 5.4,
5.5, and 56 showSharon Springs, Niobrara A, and NiobraratBicture mag data density, and
formation tops thatveresele¢edon digital and raster log®©ther vertical wells are shown to
illustrate the relative data density for digital and raster latishe formation tops were
determined from vertical wells where 93 picks were made for Sharon Springs (37 digital, 56
raste), 119 picks were made for the Niobrara38 (digital, 81 raster), and 91 picks were made

for the Niobrara B (34 digital, 57 raster).
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49




Low

Number of Pick = 119 (38 LAS, 81 Raster)

732 D s

B e

o #
|

-450
-500
-550
-600
-650
-700
-750
-800
-850
-900
-950
-1000
-1050
-1100
-1150
-1200
-1250
-1300
-1350

Y& Razor 25-2514

@ Dpigital
B Raster

High
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Figure 56 Niobrara BSSTVD structuremap showing 91 totdbrmation topgicked and a
general trend of deeper structtoghe west
Across the field, the Niobrara dips the westwhich is consistent witkthe literature

from the DenvefJulesburg Basin

5.3 Redtail Field Production Data & Targeting

Over the Denvedulesbug Basin production fronNiobrara wells can range from ~100
to 700barrels of oil per dayOPD) where estimated ultimate recovéBUR) by well can be
greater than 300,008arrels of oil BOE) (Sonnenberg, 2011Jo understand the distribution of
wells and targeed formations over the Niobrara, targeting data from EnweassacquiredThe
targeting is based on whichever interval the horizontal portion of the wepngdeminately

drilled in as in some casasorizontalwell spans over multiple horizonsigure5.7 shows the
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Niobrara A well locations and productiper IHS There have been 158 horizontal wells drilled

in the Niobrara A (completed between 2012 and 2016) where there-8reel per developed

section. Through 2020, there has been ~18,688,688lative barrels of oil produced, and
~40,830, 731 cumulative million cubic feet of
there has been ~21,020 barrels of oil and ~45,249 MCF of gas. Comparing the Niobrara A to the
B (as well as the Niobrara C a@adell), it is notable that the gas to oil ratio (GOR) of the

Niobrara A is ~2,296 which is ~24% higher than the Niobrara B.
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O Cumulative Gas Production
21 O Cumulative Oil Production

| | |

Figure 57 Niobrara Awell locations (158) angdroduction
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Figure 5.8 shows the Niobrara B well locations and production. Tlaeelieen ~336
horizontal wells drilled in the Niobrara B (completed between 2011 and 2016) where there are
~6-8 wells per developed section. Through 2020, there has been ~43,741,284 cumulative barrels
of oil produced, and ~78,296,643 cumulative millionicubet of gas produced. Normalized to
1,00006 of | ateral, there has been ~25,999 bar
Comparing the Niobrara B to A (as well as the Niobrara C and Codell) it is notable that both in
terms of cumulativeoigas production, and production nor mi
Niobrara B has been the most productive. Because of its production, | chose to look at the

Niobrara B (and in particular the B2) cores for my lab analysis.
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Figure 58 Niobrara Bwell locations (336) an@roduction
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54 Redtail Field Niobrara A and Niobrara B Previous Work Done in Relation to CCUS

As mentioned in Section 5.1, Scott Manwar{@g21)and Adam Simonsef{2022)
researched the Niobrara A and Niobrara B in the Redtail Fieltiéarrespective dissertations.
Previous work aalyzing the Razor 223514Hshows thaboth the Niobrara A and B are
primarily Type Il oil prone per a modified Van Krevelen Diagram andien Type shown in

Figures 5.9, 5.10, and 5.Which is consistent whi the literature

@ Lower Pierre
@ Sharon Springs
Niobrara

A Chalk

Figure 59 Modified Van Krevelen diagram for the Razor-2514H showing primarily Type Il
oil prone over the Niobrara Manwaring, 2021)
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A) Modified Van Krevelen Diagram
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Figure 511 Modified Van Krevelen diagram and Tmax compared to hydrogen index for the
Razor 252514H showing primarily Type Il oil pronaver the Niobrara B1 and B&imonsen,

2022)

Overall, the Niobrara B1 in the Redtail field is more clay rich than the B2 which is more

carbonate richXRF analysis on the Niobrara B1 demonstrated a greater concentration of

siliciclastic and detrital elements with less carbonaid® Niobrara B2 has more horizontal

st y | anticativedd an increase in calcite dissolutishich resulted in decreased porosity

and permeability relative to the B1.
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CHAPTER 6

DATASET & RESULTS

6.1Lab Tests on Core Plugs

To achieve my objectivef identifying the key geologic parameters for CCUS and the
feasibility of CCUS over the Niobrara A and B intervalexamined® core pluggrom the Razor
25-2514 intheNiobrara A(4 core plugsandNiobraraB (5 core plugsjo perform analysis via
the CMS300 machine. Thesmre plugsvere cut in the Colorado School of Mines Marquez
Hall rock lab and wereuthorizontal in orientatiomeasuringa p pr oxi mat el y 1. 50
and 20 i n thesercare plugs wese cut frantf a single facies that was light gray with
massive beddingConsiderationsvere made to avoid marl intervalad cut into a single facies
These core plugs were cleaned with toluene, methanol, and chloroform to expungératas, fil
native oil, and connate wateFigure 6.1 is a petrophysical model for the Raze2254H well

with the chalk reservoirs shadiedblue andheregstivity curve shaded at 15 ohm.
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Figure 6.1Approximate core plug locatiarshownas starsvith petrophysical log$or 4

Niobrara Aand5 Niobrara B cor@lugs

Figure 62 shows Jof the9 total)core plugs being prepared for experimentation.

Figure 62 Image of ore plugs (3utof the 9 total) being prepared for experimentation.
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Thesecore pligsweresubjected to a confining presswfeapproximately 2,000p$o

measure porosity, permeability, and pore volufgenerakchematiof the CMS-300machine

is shown in Figure &.

WW.__— Pressure transducer

s CMS-300

Open valve

pressure dra
Hydrostatic
confining

pressure

‘ Core samples

Computer

Carousel

Gas escapes
through core to
atmosphere

Time, s

Figure 63 Schematiof Core Laboratories CMS00 unsteadgtate grmeameter/porosimeter
test(Uzun, 2018)

The sample number, porosity, permeability, permeability confining stress, pore volume,

pore volume confining stress, depth, and formation are shown in Table 6.1. The entire lab results

from the CMS300 testingare available in Appendix B.
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Table 6.1Table of CMS300 core plug lab results including Sample Number, Porosity,
Permeability, Permeability Confining Stress, Pore Volume, Pore Volume Confining Stress,
Depth, and Formation.

. Perm. Pore Pore
Nsﬁ mgleer Porosity Perr(nne]da)b lity Confining | Volume C\é?llﬁr:?ﬁg Depth Interval
Stress (co) Stress
1 7.64 0.00256 1818 3.49 1812 5569.25| Niobrara A
2 13.44 0.06388 1994 5.83 1937 | 5569.50| Niobrara A
3 14.82 0.00544 1990 6.26 1954 5569.75| Niobrara A
4 13.54 0.00261 1936 5.31 1916 | 5570.00( Niobrara A
5 1151 0.001D 1840 4.35 1849 5664.75| Niobrara B
6 11.23 0.00116 1845 4.93 1857 5665.75| Niobrara B
7 12.20 0.00149 1875 5.07 1876 5670.25| Niobrara B
8 13.11 0.00214 1875 5.39 1868 5670.50| Niobrara B
9 12.22 0.00112 1849 4.81 1857 5672.50| Niobrara B

Using the CMS300, he average porosity of these samples is ~12.19% with little

difference between the Niobrara A and Niobrara B at ~12.36% and ~12.05% respdetively.

permeability, Sample 2(in the Niobrara A)s a large outlier with a permeability of ~.0630m

This outlier datgpoint is consistent (though not as drastic) as what theL@brporosity and

permeabiliy dataset compared in Figurd80verall, the porosity and permeabiglues mostly

matched the Coteab data which provides more confidence into the veracity of these

measurements.

Thepermeability in the Niobrara A averaged ~.01&bwihile the permeability in the

Niobrara B averaged ~.0014mThis representgsermeability abut 13 times greaten the

Niobrara Athough most of that was driven by one data pdiaking out the outlier of sample 2,

we see the Niobrara A permeabilgyerage ~.0035 which is ~2.5 times greater than the Niobrara
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B. Observing the pore volume numsgethe overall average pore volume is ~5.05cc while the
Niobrara A has a pore volume of ~5.22cc and the Niobrara B has a pore volume of ~4.91cc. We
woud expect the Niobrara A trcelativatothe NoobrdreeBt t er fif

while both havaround the same porosity and pore volume.

Fortwo coreplugs(samples 7 and $oth from the Niobrara B thecore flooding
system provided by the Lawrence Berkeley National Labordtdd)L) shown in Figure 6.4
wasusedto look at a pressurizatieshepresurization compression tesith CO,. Samples 7 and
9 from the Niobrara B2 were selected as the Niobrara B2 has the best petrophysical properties
(relative to hydrocarbon exploratigrgnd both these samples had similar porosities at 12.20%
and 12.22% regztively(so were seen as very like rockurthermore, practically only so many
core plugs can fit into the cylinder, so using these core plugs was determined as the best way to
utilize the LBNL equipmentThe idea was to first replicate primary recoveigy flooding CQ
flooding, then to replicate EOR recovery viawf-n-puff typetest (as shown previously in
Figure 32) which is a common method approach to@fction. These two core plugs were
saturated in fDodecane which is an oilyalkane hydroarbon with 12 carbon atoms and 26
hydrogen atoms (C12H26LhEBI, 2019) The rDodecane used had an API of 57 which is

higher than the average over the Redtail Field for the Niobrara A and Niobfafa &3)
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The procedure can be broken down into 3 general stgpeeparing the cores for

experimentation?) forcing saturation of cores withiDodecane, an@) replicating production
bothfor primary and EOR recoveryo prepare the cores for experimentatibe, first stepvas
to moisturize the cores with water vapor &mproximately2 weeks,andsecond stepvas to
weighthe water saturatetbresample.The core weights before and aftesiter saturation is

shown inTable 6.2
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Table 6.2Table of core weights before and after water saturation.

Samole Weight Before Weight After Increase in Percent Chanae
P Water Vapor (g) Water Vapor (g) Weight (g) 9

7 98.2788 98.6626 0.3838 0.39%

9 925242 92.8095 0.2853 0.31%

The third stepvas force saturating the cores witbDonde@nein a reactor container. Next
(Step 4), | connected the reactor container to a §@Onder and pressurized it to 1,500 PSI at
~150°F for about 3 weeks. This time gméssure created fractures for the-@®saturate the
core matrix. Nek(Step 5)l removed all of the excessDodecane that vganot saturated into the

matrix and weighed the saturated coiesbe 6.3.

Table 6.3Tableof core weights before and afteiDodecane saturation.

Sample Weight Before Weight After | Increase in Percent
P n-Dodecane n-Dodecane | Weight (g) Change

7 98.6626 101.15® 2.4934 2.53%

9 92.8095 95.5055 2.696 2.90%

To replicateprimaryproduction §tep 6), | repressurized the dylder back to 1,500 PSI
and slowly depressurized the container ov&hoursIn Step 7, | collected the expunged n
Dodecane from dpressurization in the container, and calculated the replicated prodogtion
capturing the fDodecane in a containérhe resultis shown inTable 6.4 For reference hie
recovery factoffor the Niobrara Ajn the Redtail Field 10N58WS25 is ~6.89Manwaring,

2021)
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Table 6.4Table of ADodecane recovered from primary recovery test showing aegcof
~6.25%, very close to the production shown in the Redtail Field (Township 10N58WS25)

of ~6.89%.
Weight of Weight of Increase in Primary Recovery
Sample Empty Container After Weight (g) Replication
Container (g) | Expunged nDodecane (g) gntig Percentage
7
5 20.9522 21.2766 0.3244 6.2512%

To replicate EOR recovery, Btep 8 | repeatedstep 6 but flooded the cores with €0

for 15 days. Finally, irstep 9 | collected the expungeeDodecane oil ashcalculated the EOR

recovery.Table 65is the EOR recovery percentage @#glis a visual summary of theteps

performedfor this labexperiment

Table 6.5Tableof n-Dodecane recovered from EOR recovery test showing an EOR recovery

of ~19.63%.
Weight of Weight of Container Increase in EOR Recovery
Sample Empty After Expunged Weight (g) Replication
Container (g) n-Dodecane gnt9 Percentage
; 20.8570 21.8120 0.9550 19.6300%
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Figure 6.9mageof lab steps performedr the Lawrence Berkelelational LaboratoryL BNL)
coreflooding system

The EOR recovery factarumber(~19.63%)was much higher than we anticipated and
while our lab procedures and methodology was valid, it shows the limitations of performing lab
experimentationKeeping in mind that a successful £B0OR project ould add 5 to 15 percent
of OOIP to ultimate recover§Rice University, 2019)this was certainly on the higher end of
expectationsThat being said, even if we conservatively and arbitrarily say this number would
realisticallybea quarteof the actuatesults, an EOR of ~5% is still impressidéne combined
datashown above along with the porosity, permeability, and pore volume tests from the CMS

300and timeline on tests is shownTiable 6.6for reference.
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Table 6.6Summaryfor lab results for 2 cores and timeline associated with steps.

Test Category Sample 7 | Sample 9 Test Date
Porosity (%) 12.20% 12.22% CMS-300 | 10/21/2021
Permeability (mD) 0.00148727 0.00112394 CMS-300 | 10/21/2021
Pore Volume (cc/g) 5.069503 | 4.808986 | CMS-300 | 10/21/2021
Core Weight Before Water (g) 92.5242 98.2788 Scale 4/2/2022
Core Weight After Water (g) 92.8095 98.6626 Scale 4/17/2022
Core Weight After n-Dodecane (g)] 95.5055 101.1560 | LBNL/Scale| 5/6/2022
Empty Container (g) 20.9522 LBNL/Scale| 5/6/2022
Container With n-Dodecane (g) 21.2766 LBNL/Scale| 5/6/2022
Primary Recovery Replication (%) 6.2512% Division 5/6/2022
Core Weight After Primary (Q) 4.8650 Subtraction| 5/6/2022
Empty Container (2nd Test) (g) 20.8570 LBNL/Scale| 5/21/2022
Container With n-Dodecane (g) 21.8120 LBNL/Scale| 5/21/2022
EOR Recovery Replication (%) 19.6300% Division 5/21/2022

6.2 Sharon Springs,Niobrara A, and Niobrara B Reservoir Thickness andsopach Maps

Using Petra, isopach maps were producedn®iSharon Springs, Nicdra A, Niobrara

B, Niobrara B1, and Niobrara B2 (excluding horizontal wells) to analyze isopach thickhisss.

wasdone to analyze relative thickness across the field and for a quality control check on

formation tops to ensure erroneous tops were nettsel. Isopach maps aid imigh-level

understanding of the reservoir before applying further petrophysical analigeses 6 and

6.7 show the Sharon Springspachmap both zoomed out and zoomed into Redtail Field.
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Figure 66 Map of SharonSprings isopach thickness down to the top of the Niobrara AX6r
Township area around Redtail Figkhown by the red boxyith aC.l. of 56 This shows
thicker isopach in the eastern part of Redtail Field as well as to the south arvadestinth
Townships 8N60W and 8N59\\st to the south of the field.
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Figure 67 Map of Sharon Springs isopach thickness down to the top of the Niobracamed
into Redtail Fieldwith a C.l. of 56showing a thicker isopach on the eastern side of the field on
the line of Township 10N58W and 9N58W

Theisopachof the Sharon Springsormation showa clear trend of increasing isopach
thickness from north to southith some thinning near the southeastpach values range from
~4006 to ~7006 i n 67M&hehiekestSharonfSpriags idteryalRs ingther e
eastern and middle parts of the Redtail Field ardtowinship9N58W and 9N57W extending
into the southern portions dbwnship10N58W and 10N57W just to the south aoditheasof

the Razor 22514H wel. The Sharon Springs reservoir thickness is impdrtarsequestration
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as we thinkhe viability of CCUS in the Niobrara A and Niobrara B. Figur& 69, and 610

(with horizontal wellsshowthe isopach thicknesd the Niobrara A.
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Figure 68 Map ofNiobrara A isopach thickness for ~I&wnship area around Redtail Field
with aC.l. of 56showing a thicker isopach from the northeast down to the southwest of the field
as well as to the northwest of the field
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Figure 69 Map of Niobrara A ispach thickness for Redtail Field wiiC.1. of 56showing more
detail around a thicker isopach trend from Township 10N58W down into Townsh§¥@N5
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Figure 610 Map ofNiobrara A isopach thickness for Redtail Field withrizontalwell locations
withaC. 1. of 56 showing more detail around a
down into Township ON®N.

For the Niobrara A around the Redtail field (Figur® 6we see thinning both to the
northwest and southeast as well as the southwest. Theghdrt of the Niobrara A is just to
the northeast of the Redtail FieldTiownshipl1N57W trending southwest and extending into
the middle part oT ownship9N59W.For the Niobrara A (and Niobrara B) a thicker isopach
preferentiaboth for CQ flow andstorageRelative to the localized Sharon Springs isopach map

(Figure 67), the Niobrara A isopach valueser Figure @ have a smaller rangeom~25% t o
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~ 4 BAile a lot of the Niobrara A wells (red lines) were drilled over the thicker portion of the
Niobrara Ain TownshiplON58W and 9N59W, theortheast quartef Township9N58W (a
thinner interval) was explorgthough this could partially be a function of Niobrara B
exploration shown in Figure B3). Therewasalsoone exploration well in a thickgrortion of

the northeasfuarterof TownshiplON59W.The Niobiara B isopach maps are shown in Figures

6.11, 6.12, and 613 (with horizontal wells)
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Figure 611 Map ofNiobrara B isopach thickness for ~I6wnship area around Redtail Field
with aC.l. of 56showing a thinner isopach in north Redtail Field and to the west of Redtail Field
in Township 9NN\OW compared to the surrounding area.
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Figure 612 Map ofNiobrara B isopach thickness for Redtail Field védtG.l. of56 s h owi n g
more detail into thgranularity over Redtail Field with a thicker isopach in Township 9N59W,
9N58W, and the eastern side of Redtail Field.
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Figure 613 Map of Niobrara B isopach thickness for Redtail Field witirizontal well locations
andaC. 1 . of 506 s Imbwelidavglopmdntclodelp averlaymathe thicker isopach
trend.

Shown in Figure 8.1, the thinnest isopach for the Niobrara Bl®wnin the Redtall
Field and specificallffownship9N60W, 10N59W, and 10N58While Figure 6.12s zoomed in
for granulaity. The thinnespart of the Niobrara B (in the Redtail Field area) corresponds to the
thickest part of the Niobrara &s the thinner isopach in the Niobrara B may have left
accommodation space for the Niobrara A to depbsihe Redtail Field, the Nioara B

generall y r anges Figurelchldshowsihat mosoof tBeONdobrarehB wells .
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(blue lines) have been drilled in the relatively thicker portion of the NiobraF@®he Niobrara

B1 and Niobrara B2, shown in Figured4and 615, | looked at just the isopach of the Redtall

Field with the locations of horizontavell locations for théNiobrara B A lack ofdatacontrol

points in thesoutheastiuarterof TownshiplON58Wresultsind&ibul | seye d shown ar
Razor 262633L well and my not be indicative of the true thickness of the Niobrara B and

specifically the Niobrara B1.

Figure 6.14Vlap of Niobrara BL isopach thickness for Redtail Fieldth horizontal well
locationsand& . 1 . 56 showing a we akeweenbtharizontal tvalld | pres
and overall isopach thickness for the Niobrara B1.
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Figure 615 Map of Niobrara B2 isopach thickness for Redtail Field vithizontal well
locations an&C . | showin@ a stronger correlation between well locations and
isopach thickness

Overall, the Niobrara Borizontal wells seemed to tardbe higherthicknessareasof
the Niobrara Basthe B2 is the more favorable reservéilany ofthe wells drilled inTownship
10N58W were not necessarily a thickeopach, so this lends to the importance of looking at

these reservoirs f rhyinmorpratimgresistiviy ang porogite r specti ve

76



