o I

CHRISTOPHERAHASKY
DANA THOMAS KATEMAHER SALLYBENSON

Stanford University Department of Energy Resources Engineering

B e S l e : = SN = = N o e s :
SCCS: May 10, 2018 Stanford University



Hellisheidigeot

Characterization of basall’ e e
reservoir inceland e 20D ¢ NN
CarbFixGeothermal/CGS | 4 o S
project

Steamgases (CCand HS) CQ storage
and water from geothermal Injectionsite
wells



Importance of understanding
fluid transport in basalt
formations

A Efficient COmineral trapping requires
large surface areavailability

A Large effective porosityisimportant
for reservoir connectivity and
providing sufficient C{storage
volume

water




Research Questions

1. How can we identify flow pathways and
guantify effective porosityandsurface
areain basalts at the pore scale under
elevated pressure conditions?

2. How can we generalize these results across
a range of basalt formations?
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CarbFicoreused forexperiments
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Experimental multimodal imaging approach

1. MicroCTto image pore geometry

Micro-CT



Experimental multimodal imaging approach

2. Segment mickCT image
3. Measure

A Total porosity

A Total surface area

Micro-CT



Experimental multimodal imaging approach

4. Micro-PETcorefloodingexperiment
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Experimental multimodal imaging approach

5. Acquire clinical CT scan to register
micro-PET and micr€T images
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Experimental multimodal imaging approach

Micro-CT
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PET data highlights flow path of injected fluid (i.e.
effectivepore space)

l photon detectors
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Distance from inlet core (cm)

Horizontal axial slice, 120 minutes

Tracer injection

UOITRNUSIU0D Jadeiiolpel pazijewloN

PET imaging of
tracer in low
porosity sample
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Distance from inlet core (cm)

Horizontal axial slice, 156 minutes

Tracer injection
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PET imaging of
tracer in low
porosity sample
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Normalized radiotracer concentration

Horizontal axial slice, 192 minutes
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Normalized radiotracer concentration

Horizontal axial slice, 228 minutes
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Distance from inlet core (cm)

Horizontal axial slice, 264 minutes

Tracer injection

UOITRNUSIU0D Jadeiiolpel pazijewloN

PET imaging of
tracer in low
porosity sample
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Distance from inlet core (cm)

Horizontal axial slice, 300 minutes

Tracer injection
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PET imaging of
tracer in low
porosity sample
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Normalized radiotracer concentration

Horizontal axial slice, 360 minutes
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Distance from inlet core (cm)

Horizontal axial slice, 360 minutes

Tracer injection

PET scan highlights
location of sub
micron features that
enable fluid transport
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Distance from inlet core (cm)

Porosity and
surface area
measurements

Horizontal axial slice, 360 minutes

1. Total porosity = 7.6%
2. Effective porosity = 2.8%

3. Also obtain effective surface
area measurements
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Summary of experimental measurements
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Experimental results compared with
published data_
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Research Questions

a range of basalt formations?

2. How can we generalize these results across
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Percolation simulator procedure

n index = 25 1. Choose vesicle size randomly from
| experimentally determined
. | distribution

Vesicle size distribution
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Percolation simulator procedure

1. Choose vesicle size randomly from

n index = 25

experimentally determined
distribution

. Randomly places the vesicle in the

3D simulation model

. Calculate:
a.

Total porosity

b. Effective porosity
C.
d. Normalized effective surface

Normalized surface area

area
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Example simulation
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Example simulation

n index = 100

¢ total = 6.7%, ¢ effective = 1

1%

0.6 —

Porosity

0.15

©
-

0.05

Vesicle-Matrix Surfaces

0

©
~

o
N

T T T T T

T T T T T T T T T T T T T T T

Effective porosity
Percolation threshold porosity

T

T

T I N B R R R
0 0.1 0.2 0.3 0.4 0.5 0.6
Total Porosity

| —All porosity
Effective porosity
0 0.1 0.2 0.3 0.4 0.5 0.6

Total Porosity

29



Example simulation

n index = 200

e &

1 1

1

¢ total = 13.0%, ¢ effective =

1.8%
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Effective porosity
Percolation threshold porosity

Example simulation
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0.6

Effective porosity
Percolation threshold porosity

Example simulation

n index = 500
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Example simulation

n index = 650
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Example simulation

n index = 750

+

¢ total = 41.6%, ¢ effective = 32.8%
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Example simulation

n index = 850

¢ total = 46.2%, ¢ effective = 42.4%
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Effective porosity
Example simulation
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Effective porosity
Example simulation
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Simulation comparison with experimental

data
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Backscatter electron image of basalt sample
shows microporous rim around vesicles

— Matrix

Vesicle
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Backscatter electron image of basalt sample
shows microporous rim around vesicles

micro-CT segmented
vesicle
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Backscatter electron image of basalt sample
shows microporous rim around vesicles

Microporous area that
contributes to fluid
advection but has a small
Impact on porosity

micro-CT segmented
vesicle
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Percolation simulation witmicroporosity

n index = 25

AWa A ONR LJ2 NRB dza Q N&®
vesicles that enables
connectivity but does not
contribute to overall porosity

D values

o A During regular increments the
following are calculated:

| 1. Total porosity

£ H 2. Effective porosity

¢ total = 1.7%, ¢ effective = 0.3%



Percolation simulation witmicroporosity

n index = 100

1
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¢ total = 6.8%, ¢ effective = 1.0%

AWa A ONR LJ2 NRB dza Q N&®
vesicles that enables
connectivity but does not
contribute to overall porosity
values

A During regular increments the
following are calculated:
1. Total porosity
2. Effective porosity



Percolation simulation witmicroporosity

n index = 200
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¢ total = 13.5%, ¢ effective = 2.0%

AWa A ONR LJ2 NRB dza Q N&®
vesicles that enables
connectivity but does not
contribute to overall porosity
values

A During regular increments the
following are calculated:
1. Total porosity
2. Effective porosity



Percolation simulation witmicroporosity

n index = 250

o O
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¢ total = 16.7%, ¢ effective = 4.8%

AWa A ONR LJ2 NRB dza Q N&®
vesicles that enables
connectivity but does not
contribute to overall porosity
values

A During regular increments the
following are calculated:
1. Total porosity
2. Effective porosity



Percolation simulation witmicroporosity
n index = 400
- W] AvwaAONRLRNRdIZAQ NA
vesicles that enables
connectivity but does not

contribute to overall porosity
values
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V & a following are calculated:
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Percolation simulation witmicroporosity

n index = 500

ET L) " AvaiONRLRNRdzAQ NX

vesicles that enables
connectivity but does not
contribute to overall porosity
values

A During regular increments the
following are calculated:
1. Total porosity
2. Effective porosity

3 o™ A

¢ total = 41.6%, ¢ effective = 41.6%




Percolation simulation witmicroporosity

n index = 625

L.__T L) T~ | AWaiONRPLRNRdzAQ NX

vesicles that enables
connectivity but does not
contribute to overall porosity
values

A During regular increments the
following are calculated:
1. Total porosity

[ }::] 2. Effective porosity
Y o

¢ total = 49.8%, ¢ effective = 49.8%




Influence of
mIcroporosity
thickness on
effective
porosity
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Microporositypercolation simulation results

explains

experimental **

data trend
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Summary

A Multimodal imagingenables characterization of effective porosity,
total porosity, effective surface area, and total surface area.

A PET imaging is able to detect and highlight-fagth connectivity,
even in microrscalefeatures.

Distance from inlet core (cm)




Summary

A Multimodal imagingenables characterization of effective porosity,
total porosity, effective surface area, and total surface area.

A PET imaging is able to detect and hlghllght-tmtw connectmty,
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Supplemental Information



Implications for Carbon
Sorage and Geothermal
Projects

A This quantificatiorof effective

porositywill improve carbon
storagevolume estimates.

Basalt
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Implications for Carbon 05 [fecvoporosty
Jorage and Geothermal .
Projects
A This quantification of effective ol
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T

data recording station

Then Inject radiotracer
INto core to visualize
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Effect of vesicle size distribution



