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Problem Introduction

Objectives and Results

» Porosity and Permeability Dependencies

» CMG Validation

» CO2 Recovery in Carbonate-Rich Nano-Shale

Current Work
» CO2 Experiment Initial Considerations
» Preliminary results

Future Work
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CO2/Acid Potential on Carbonates-Rich Shales? supRI- &

= (Gas potential: Marcellus, Barnett, and Haynesville alone ~ 2500 TCF (poE/NETL 2009)

» 20-30% recovery
= Qil potential: 4.9 MMBbI/d in 2015 about 52% US oil production A, 2017)

» 5-10% recovery
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» 20-30% recovery
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Nano-Darcy k

Low porosity
Multi-phase blocking
Low matrix diffusivity

= Reason:

(Wu and Sharma, 2015)
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Gas potential: Marcellus, Barnett, and Haynesville alone ~ 2500 TCF (Doe/NETL 2009)
» 20-30% recovery

Oil potential: 4.9 MMBbI/d in 2015 about 52% US oil production A, 2017)

» 5-10% recovery 0,1 ® Bamet!

/\ Eagle Ford
B Hayesnville
V' Utica

¢ Permian

Nonuniformly etched microfractures

Reason:

(Wu and Sharma, 2015)

Room for improvement:
> pH of water in scCO2: 2.80 — 2.95 0 05 1

c - . Carbonates
» More accessibility relative to proppant (Kohli, Unpublished)
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= Characterize rock and design testing geometries (Part )
» Characterize effective stress and pore pressure influence porosity and permeability
» Different fracture geometries (Linear cut and triaxial complex fracture geometries)

= Assess water-saturated supercritical (reactive) CO, influence on carbonate mineral rich
shales (Part Il)

» Quantify additional recovery using huff and puff vs continuous injection scenarios
» QXRD sampling for mineral alteration assessment before and after

= Develop core scale CMG STARS models for both intact and fractures cores matching
pulse decay, core floods, and 3D Computed Tomography (CT) imaging results.
Potentially expanding to field scale using E300 after matching model to experimental
findings (Validation Component of Part | and I1)
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Investigated Core: QXRD and 3D CT Image

Mineralogy %
Pyrite 1-2
Chlorite 0-1
Ankerite or Excess Calcium Dolomite | 4-5
Calcite 50-60
Clay 20
Quartz 13
Mineralogy Color
Pyrite red
Ankerite or Excess Calcium Dolomite green
Calcite light blue
Clay and Quartz dark blue
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Investigate CO, EOR potential in nano-Darcy rock
» Characterize effective stress and pore pressure influence porosity and permeability
» Different fracture geometries (Linear cut and triaxial complex fracture geometries)
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Objectives and Results — Part | ~ Concluded Work

= [nvestigate CO, EOR potential in nano-Darcy rock
» Characterize effective stress and pore pressure influence porosity and permeability
» Different fracture geometries (Linear cut and triaxial complex fracture geometries)

Results — Intact Rock

Upstream Pore Pressure

Shale oil pulse decay
Gauge Porosity 1901-01-01

Upstream and Downstream Pore
Downstream Pressure Gauge

Regulator Confining Pressure
T Valves i
L:EE«—%
Valve

Pressure

1,00

' Core Holder

\'%j

Experiment Pulse Decay CMG
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Objectives and Results — Part | ~ Concluded Work  supri

= [nvestigate CO, EOR potential in nano-Darcy rock
» Characterize effective stress and pore pressure influence porosity and permeability
» Different fracture geometries (Linear cut and triaxial complex fracture geometries)

Resu Its _ I ntact ROCk Pressure Pulse 12 (Eff. Stress=1500psi, Avg Pp=590 psi)

670
Shale oil pulse decay
B 660 R_Squared (Upstream) = 0.988
650 R_Squared (Downstream) = 0.990
= 640
o 630 Error Standard Deviation (Downstream) = 0.95psi
o 620 Error Standard Deviation (Upstream) = 2.52psi
Z 610
O 600
il o 590
L 580
° 570
“ ~W: Upstream and Downstream Pore 560
Pressure ’ Downstream Pressure Gauge 0 2 B 6 8 10 12 14
Regulator Confining Pre P
_N_ Valve €7 Time (hrs)
——Downstream (Exp) ——Upstream (Exp)
Valve ——Upstream (CMG w/ well) ——Downstream (CMG w/ well)

; Core Holder

—Upstream (CMG w/o well) =——Downstream (CMG w/o well)
vE
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Objectives and Results — Part | ~ Concluded Work  supri

= [nvestigate CO, EOR potential in nano-Darcy rock
» Characterize effective stress and pore pressure influence porosity and permeability
» Different fracture geometries (Linear cut and triaxial complex fracture geometries)

6
Res u ItS —_ I ntact ROC k Increasing Pp ~ Adsorption
a;:- 5 ™Y / *
Pressure Pulse 12 (Eff. Stress=1500psi, Avg Pp=590 psi) :50 .
4
670 1% [
660 R_Squared (Upstream) = 0.988 &JD 3
s :ig R_Squared (Downstream) = 0.990 g L) e Helium
E—t 630 Error Standard Deviation (Downstream) = 0.95psi ‘t‘é 2 ® Krypton
v 620 Error Standard Deviation (Upstream) = 2.52psi E .
2 610 [+]
g 600 — 5 L
a 590
580 o
570 0 500 1000 1500 2000
560 Met Effective Stress (psi)
0 2 4 6 8 10 12 14
Time (hrs) Effective Stress (Psi) | Liquid-like vertical permeability (nD)
——Downstream (Exp) ——Upstream (Exp)
——Upstream (CMG w/ well) ——Downstream (CMG w/ well) 300 1000
——Upstream (CMG w/o well) ——Downstream (CMG w/o well) 600 840
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Objectives and Results — Part | ~ Concluded Work  supri

= [nvestigate CO, EOR potential in nano-Darcy rock
» Characterize effective stress and pore pressure influence porosity and permeability
» Different fracture geometries (Linear cut and triaxial complex fracture geometries)

Results — Linear Cut | cT Resolution

~ 2 million cells
1mm axial
0.2mm radial
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Objectives and Results — Part | [NCOREUGEAWORE  suer
= [nvestigate CO, EOR potential in nano-Darcy rock
» Characterize effective stress and pore pressure influence porosity and permeability
» Different fracture geometries (Linear cut and triaxial complex fracture geometries)
Results — Linear Cut
Corrected Pressure History
3 195 30
190 |,
Helium s | 25
Pulse Decay — 180 ")
@ 500 NES g
(Future Oi! Recovery g 170 Prior matrix phiautGOOpsiNES is 15 g
Experlment) 2 1g5s || Fracphi= P> Matrix phi 10 %
— 160 2.56% =2.8% =
M
155 = >
150 0
0 10 20 30 40 50 60 70 80
Time (hrs)
« Upstream « Downstream Temperature Temperature Reference (20.95C)
Stanford University
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Objectives and Results — Part | SR

= [nvestigate CO, EOR potential in nano-Darcy rock
» Characterize effective stress and pore pressure influence porosity and permeability
» Different fracture geometries (Linear cut and triaxial complex fracture geometries)

Results — Linear Cut

Corrected Pressure History

o [, ) 5
B e fakm A e Permeability:
ElSO R e 20;1 Two Pulse 1 - 2.5nD
% zz Prior matrix phi at 600psi NES is 15 é Pulse 2 - 2.5nD
B — P i | 10 5 Independent |
2 e — s Experiments borosi
I Oorosity.
. 0 10 20 30 0 50 60 70 80 ’ Pulse 1 (70hrs) -
Time (hrs) - Frac: 2.56% Matrix: 2.8%
- Upstream - Downstream - Temperature - Temperature Reference (20.95C) Pulse 2 (240hrs) —

Frac: 2.3% Matrix: 3.6%
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Objectives and Results — Part | S,

* Fracture porosity and matrix
permeability validated
« Matrix porosity in progress -
Pulse Decay CMG/Experimental Validation - Simple Geometry 1837
190 -
185 1584
180 IQ .
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% 170
g 165 — - 1
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150
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— Downstream — Upstream Upstream CMG Downstream CMG
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Objectives and Results — Part |

* Fracture porosity and matrix )
permeability validated

« Matrix porosity in progress
L.

After 17hrs
Pulse Decay CMG/Experimental Validation - Simple Geometry ngh is 162.7 pSI inred

Low is 162 psi in blue
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= Characterize rock and design testing geometries
» Characterize effective stress and pore pressure influence porosity and permeability
» Different fracture geometries (Linear cut and triaxial complex fracture geometries)

= Assess water-saturated supercritical (reactive) CO, influence on carbonate mineral rich
shales

» Quantify additional recovery using huff and puff vs continuous injection scenarios
» QXRD sampling for mineral alteration assessment before and after

= Develop core scale CMG STARS models for both intact and fractures cores matching
pulse decay, core floods, and 3D Computed Tomography (CT) imaging results.
Potentially expanding to field scale using E300 after matching model to experimental
findings
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Assessing CO2 Recovery
» Saturating nano-Darcy core with oil

 Setup pressure limit - maximize injectivity

» Miscibility pressure of oil/CO2 - eliminating capillary pressure
» Measuring initial oil saturation

» Mass balance (small volumes = large error)

* CT method

Quantifying Mineralogical Alteration
» Sample perpendicularly from fracture surface for QXRD

Stanford University



Current Work — Part |1 SUPRI- 4

»
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= Assessing CO2 Recovery
» Saturating nano-Darcy core with oil
 Setup pressure limit = maximize injectivity
« Miscibility pressure of 0il/CO2 = eliminating capillary pressure
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Current Work — Part 11 SUPRI-

= Assessing CO2 Recovery
» Saturating nano-Darcy core with oil
 Setup pressure limit = maximize injectivity
« Miscibility pressure of 0il/CO2 = eliminating capillary pressure

. oo . . Reservoir Temperature: 72.2C
*  raw
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Current Work — Part |1 supRI- &

=  Assessing CO2 Recovery
» Saturating nano-Darcy core with oil
 Setup pressure limit - maximize injectivity
» Miscibility pressure of oil/CO2 - eliminating capillary pressure

Reservoir Temperature: 72.2C
MMP of Dead Vs Live Qil (Utica Crude Qil)

o
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Assessing CO2 Recovery
» Saturating nano-Darcy core with oil

 Setup pressure limit - maximize injectivity

» Miscibility pressure of oil/CO2 - eliminating capillary pressure
» Measuring initial oil saturation

» Mass balance (small volumes = large error)

* CT method
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Initial Oil Saturation — CT Method suprl-

CTR—oil(ZOOOpsi) - CTR—COZ (x) )

S,, = Avg (
ot Dre (CToir 2000psi) — |CTcoz (x)

-100 ® Gas at 22C (Room Temperature)

-200
-300 ° ® Liguid at 22C
-400

-500 50C

-600
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-700 72.2C (Reservoir Temperature)
-800
-900 i

-1000
0 400 800 1200 1600 2000

Pressure (Psi)
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Initial Oil Saturation — CT Method SUPRI-

CTR—oil(ZOOOpsi) - CTR—COZ (x)

So, = Av
ot J Dre(CToir z00opsi) — CTcoz (x))
o F : - A 3 . o
o yw=-1037E-1 1w + I.:I?-.F-l.-ﬂx'--{iiftll.;:x-+E,.__}|F_|jj;.:- _Iq_n-lf'liF-a-f'l_'a; Gac at 790 tQﬂ{le‘ TF-mpF-raf[]rFl:-
o y=-9F.05K + 03857 - 5581 f* = 9.985C-01 | s Liquid at 22C
* = 0.99% s ° i . | Gas at 50C
_ 300 - - S : ,
= . & & T332C|Reservoir Temperaturs)
= 00 -« —
- T m——5as CO2 CT # Estimation
ET] Vapor pressure Supercritical
= -500 @ 22C : oo - a Supercritical at 50C
Z &0 B70psi s .
700 : - P \
¥ =3-63E04x + 3.28E-02% - 3470 P oY = LOJE04 + L51E-02% - 9,45E402
Hw FTREIIN o e Ri-osEEOL (Gas CO2 CT £ = 0.15P - 067)
900 Valid first orcler approximarion:
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0 400 #00 1200 1000 2000 _ 4 nondinear fit for CO2 at 22¢
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Future Work — (Linear Vs Triaxial) And (Huff n Puff Vs

Continuous)
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Tasks:

1.

045

Run pulse decay for CO2 (pre-
saturation phase)
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Investigate 2 liguid/gas phase influence
on oil recovery (50C vs 72C)

01
0.05
o]

Match fracture systems results using
direct input of 3D CT images into
STARS with minimal upscaling

Expand to field scale simulation (E300)

—— Storage Capacity = 6.2% (4hr.

Stanford University
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CO2 Saturation History

ML/WWMW

Len gth of Core (in

s) ——Storage Capacity = 7.6% (22hrs) Storage Capacity = 8.5% (70hrs)
Linear Fractured Sample (NES: 500psi)
Helium: 5.8%

CO2: 8.5% (~70hrs @ 1200Pp)

2%
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Future Work — (Linear Vs Triaxial) And (Huff n Puff Vs supRi &
Continuous)
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Tasks:

1. Run pulse decay for CO2 (pre-
saturation phase)

2. Investigate 2 liguid/gas phase influence
on oil recovery (50C vs 72C)

3. Match fracture systems results using
direct input of 3D CT images into
STARS with minimal upscaling

4, Expand to field scale simulation (E300)
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Future Work — (Linear Vs Triaxial) And (Huff n Puff Vs SUPRI
COntI nUOUS) Fracture Geometry Import into CMG

Tasks:

1. Run pulse decay for CO2 (pre-
saturation phase)

2. Investigate 2 liguid/gas phase influence
on oil recovery (50C vs 72C) Complex Geometry

3. Match fracture systems results using
direct input of 3D CT images into
STARS with minimal upscaling

4, Expand to field scale simulation (E300)

Courtesy of Guenther Glatz
Stanford University
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Future Work — E300 Field Model
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Tasks:

1. Run pulse decay for CO2 (pre-
saturation phase)

2. Investigate 2 liguid/gas phase influence
on oil recovery (50C vs 72C)

3. Match fracture systems observations
using grid refinement for linear fracture
cores and direct input of 3D CT images
into STARS in complex triaxial
induced fracture systems

4. Expand to field scale simulation (E300)
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