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Technical Status- Objectlves

* Geologic CO, storage may
affect legacy oil and gas wells. |

CO2 Source (2012) m

e 100,000 metric tons/year

\ e //-7\ .
\ v16,000,000 metrict tons/year ~

« Qil and Gas Well

* For example, there are more
than 1 million oil & gas wells in
Midwest U.S. since ~18509.

e \What is the condition of these
wells?

< Gas Storage

* Unconventional Shale Gas Well

* How would exposure to CO, in
the deep subsurface affect
these wells?

* What can we learn from testing
and monitoring these wells?

"‘Ql-,' .

* Are CO, wells in any ] -
better/worse condition than S
typical oil and gas wells? g 2ho \*:7\ 5

1
_ All locations approximate
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Technical Status- Objectives

* Objective: develop & validate a program for identifying and
characterizing wellbore integrity in legacy oil and gas wells
for CO, storage applications based on analytics of well
records validated with sustained casing pressure testing.

1. Determine the nature of well defects, location within the borehole,
and severity of the well defects via SCP tests on CO, wells.

2. Integrate results with analysis of wells exposed to CO, at study
areas in Michigan Basin, Appalachian Basin, & Williston Basin.

* Project results will provide predictive methods to survey,
identify, characterize, and manage wellbore integrity for
CO, storage applications.

| Regional
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Technical Status- Objectives

e 3 year project from October 2015-September 2018
divided into 6 main technical tasks.

* Project team includes Battelle (Lead), Core Energy,
PTRC (well testing in Williston Basin), and the West
Virginia Geologic and Economic Survey (WVGES).
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Technical Status- Objectives
* Test selected CO, wells at 2-3 sites for

sustained casing pressure response. well

* Analyze casing pressure buildup to Records
estimate the nature, depth, and severity of
well defects. This testing provides direct

measurement combined well defects. Stcl:sta_ined
asing
e Compare test results to well records with Pressure Test

statistical based machine learning to define
well construction factors that may be most
relevant to CO, storage applications.

Well
Integrity
* Analyze this information to better Rating
understand the risks that legacy boreholes

may pose for CO, storage in the region.
e
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Technical Status

* Well reqgistry developed to identify wellbore integrity
Issues, and where and how they occur in the subsurface
* Five subtasks defined:

Well Construction Well Casing

CO2
Environments

» Methods e Corrosion/wear e Contamination * Geomechanical * Influence of
* Materials * Leaks » Defects  Geochemical CO2 of cement,
casing, etc.

* Information was used to characterize the three study
areas

8 BATTELLE



Well
Component
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Integrity
Issue
Thermo-
mechanical
cycling

Wear

Corrosion

Degradation

Microannulus
and cracking

Mud
contamination

Eccentering

Mud channels

Fluid invasion

Formation
lithology

Geomechan-
ical stresses

Description

Contraction and
expansion of well
casing

Wear to the
casing

Corrosion of
casing

Dissolution or
alteration of
cement

A small gap
between casing
and cement and
cracks in the
cement

Poor mud
removal before
cementing
Casing is not
centered in the
borehole
Cement slurry
fingers through
the mud in the
annulus

Invasion of fluids
into cement

Borehole
breakout and
drilling induced
fractures
Changes in
stress field

Causes

Differences
between
properties of
materials
Casing
interactions with
wellbore and
tools

Contact with
corrosive fluids
saturated with
CO,

Contact with
corrosive fluids
saturated with
CO,

Casing and
cement debond,
or bond was
never
established or
was broken
Poor cement job
design, poor hole
cleanout

Poor
centralization

Poor cement job
design

Poor cement
slurry design and
loss of
hydrostatic
pressure
Induced stress
greater than
maximum of the
formation stress
Pressure
gradient changes
and creep

When

Construction,
operation,
workover,
abandonment
After drilling,
during
workovers

Construction,
operation,
workover,
abandonment
Construction,
operation,
workover,
abandonment

Construction,
operation,
workover,
abandonment

During
construction

During
construction

During
construction

During
construction

During drilling

Construction,
operation,
workover,
abandonment

Leakage

Pathwa
Debonding
along cement
interface
(microannulus)
Burst, collapse,
holes in casing

Holes in casing,
cracking

Pores in cement
or along
degraded
cement at
interfaces

Along casing-
cement
interface

Along interfaces
or through bulk
cement

Along casing,
cement, or mud
interfaces
Along mud
channel
interface or
through flowing
mud

Poor zonal
isolation

Poor cement

B-Annulus

Sustained
Casing Pressure

Surface Plug

Casing
Corrosion

—
N

—

Intermediate
Gas Zones

B

f 4

..l
=" Microannulus
iy

Cracks Conduits

Production
Zone Plug

Intermediate
Gas Zones

¥
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bond to
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Technical Status

e 3 study areas were examined,
because they had existing oll
and gas wells exposed to CO.,.

e Study areas were characterized
In terms of geology, well

construction, field production, & @

CO, exposure.

\

SASKATCHEWAN

MANITOBA

Tertiary Site
) e L )
~gast® f
< Tr‘—l—NQF{TH DAKOTa

b
N~ /

SOUTH DAKOTA !

MONTANA

WYOMING

lDWILLISTON BASIN

10

= 100,000  metric tonsfyear

« 0Ol and Gas Well > 850 m deep

CO2 Source (2012) m

16,000,000 metrict tonslyear

Scale (km)
E— I
0 50 100 150 200

All locations approximabe
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Technical Status

* Appalachian Basin site

* Wells exposed to natural
CO, accumulation at depth
of 6200 ft (1900 m) in the
Tuscarora sandstone.

Typical Field Well

Tubing-Packer not shown

Depth (ft)
| o
400
" 800
- 1200
— 1600
- 2000
- 2400
| 2800
3200
3600
| 4000
| 4400
| 4800
— 5200
- 5600

— 6000

| 6400




Technical Status TR
* Michigan Basin site £ L

* 100’s existing wells
circa 1960-2016.

e 20-30 wells in CO,
EOR fields.

* 5-30% CO, in Antrim
Shale, 300-500 m.

* 95-99% CO, in EOR
zone at 1,500-2000 m.

HWez2 W is2o W uxn
Il 2es W 202 _
(Source: Goodman et al, 2014)

I ——
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beceripiion _ Depth (ft) Formation Name _General Lithology

Technical Status o

 Michigan Basin site has
wells with high natural CO,

levels in a relatively shallow

Bell Shale.
Dundee LS

Lucas LS

(350 m) shale gas play, and
a deeper (1850 m) o

Salina Group

carbonate reef CO,
enhanced olil recovery field.

6000

T
Queenston SH

6500

A T Utica SH
I oy
_ 7000 Trenton LS
B . Black River LS
C .— 7500 Glenwood SH
E Primary Production St. Peter SS
gP o — 5000
€ | Francoria LS
B Fillup 8500 Galesvile LS
F ] — 1w cere st
9000 —
G ' . EO R i Basal Sandstone
9500 —|
1971 1977 1982 1988 1993 1998 2009 2015 1 acobevitess
Date 10000 —

e ——
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Technical Status

 Williston Basin site has
~3000 wells, and 1425 were
examined in this study.

* The wells were primarily oll
producers with select wells
used for H,O or CO, injection.

* Wells used for CO, & H,O
Injection. Some H,S gas
present.

Williston Basin Well Function

:

8

Number of Wells
[=nl
8

* Well age ranges from 1950s to
2000s.

8

g

(=]

coz2 H20 OIL WAG NOT
INJECTION INJECTION INJECTION INIDCATED

e EOR zone at 1500 m.

I ——
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Technical Status- SCP testing

* Well defects may result in “sustained — annulus 8, (1)

casing pressure” or vent flow gas.
* Gas migrates through casing/cement

Into ‘B’ annulus.

e Pressure vs time and rate vs time can be
analyzed for information on nature of

defect, severity, and location.

Pressure (psi)

16

e e i

MNote: Irregularities in pressure
are due to ambient temperature

variability.

||||||||||||||||||||||||

Time (hours)

_®AnnulusA

Gas Reservoir

Pf =constant
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Technical Status- SCP testing *®

* SCP testing procedure:

= Confirm wellhead configuration!

= Measure initial pressure on b-annulus

= Vent gas and measure gas volume

= Collect gas sample for analysis Pressure Build-Up Monitoring

700

= |nstall pressure/temp logger

600

= Log pressure build-up (1-8 weeks) s

i
8
L]

= Remove logger

Pressure (psig)

8
“'ﬁ

g

= Analyze results

8

* No interruption in
well operations!

17 BATTELLE
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Technical Status- SCP testing

* SCP testing equipment and methods are fairly routine for
gas storage field operators.




Technical Status

* SCP testing analysis method developed to analyze
legacy well because they often have various well
defects (Dotson et al., 2015).

Rate Profiles for SCP Bleed and Build Models for Same Cumulative Gas

10
)

Orifice Model is
limited to critical

Vein Model is not
limited by critical

pressure ratio flow at asymptote
8 (flow at sonic pressure.
7 \ 7
6 AN Critical Orifice q~Coor* Py
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- Orifice \ \\
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3 ]

2 Porous Model has
significantly higher

Orifice an rates in early and
1 Models bo late time.
abru
0 |
I 0 1 2 3 a 5 6 7 8

19




Pressure (kPaa)

Technical Status

Instant Release Metric (IRM)

R

Long Term Environmental Impact

Field Data
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zzzzz

0
i

Rate Change Model

SCP Defect Factor Analysis Version 1.6 3-Pat Special Test ab-11

as0 [
—~
\3/ 250( lriber i
O fmer
2 Ll o
(2] o Datect Typa: P
q) 100 - IRM: 01517 MSCF
|} -
o
00 5 16
~
®)
~~
— 18
(7))
o 181
j —
q) 14
AL
m 108,
o I
5 6
(7))
Q.
o % e
Time, days
Time (days)

_ Time (days) —

20

BATTELLE



Technical Status

e Sustained casing pressure testing kits were constructed
to test wells using methodology by Dotson et al., 2015.

* Allows operators to test many wells exposed to CO.,.

21 BATTELLE



Technical Status- SCP Testing

* MI Basins Site- 23 CO, EOR wells
circa 1960-2003 were surveyed.

e 6 wells identified with some indicators
of potential SCP.

22 BATTELLE



Technical Status- SCP Testing

* The 6 wells were tested for SCP.

* No significant pressure rebound
observed, mostly temperature fx.

MB-4 Pressure and Temperature vs Time

16 30
—=—MB-4 - Pressure (psia)

——MB-4 - Temperature (°C) )

15
20
15

14
10

Pressure (psia)
=
w
wn
Temperature (C)

0
12

5

-10
11

-15
10 -20
3/18/2016 3/28/2016 4/7/2016 4/17/2016 4/27/2016 5/7/2016

Date

MB-4

Casing
Description

Depth .
Name Litholo
(ft bgs) &
0
. Glacial Drift
. Undifferentiated
1,000—
= Antrim
- Traverse
= BellSale:
2'000__ Dundee
. Detroit River Group
- Richfield
3,000— Amherstburg
g Bois Blanc
= Bass Islands Anhy.
-H G
“H F
4,000—
5 F (Sat) HErdai ]
= :
“H E “dolomite- Y- 4,530 |Salina
o B Z21S 4,659 [Group
H E 4,704
_H [+ —shale-——1 4773
- B —carbonale’,
3 T N 4,609
5,000 —| B (Sal) HitsalttiH 5 101
2l A2 CartonaE ] —dolomite ] 3198~
-H A-2 Anhydrite A 5213
. A-1 Carb = 5,267
] Brown N;agaran 7
5 5671
. Gray Niagaran
6,000
Explanation

Denotes Open
Annulus Tested

AN

‘Conductor
Casing: 16 in.,
0-80 ft.

Surface Casing: 11 3/4
in. 42 Io/ft, H-40, 750
ft.. cemented to
surface with 180 sx
65/35 POZ with 3%
CaCl,, 270 sx Class A
with 3% CaCl, 15 bbl.

m— Inlermediate Casing

TOC at 2,380 ft

Intermediate Casing: 8
5/8 in. 32 Ib/ft J-55,

o~ 3,550 fL., cemented

with 205 sx lite with
3% CaCl,, 200 sx
Class A with 2% CaCl,,
top at 2,380 ft.

| +«— Production Casing

TOCat4,190 ft

Production String: 5-1/2
in. set at 5,850 ft and
cemented back to 4,190
ft with 150 sx lite, 200 sx
Class A with 3% CaCl..

TD = 5,850"

Not to Scale

MB-04.COR

23

BATTELLE




Technical Status- SCP Testing

* All pressures were <50 psi.

e Pressure did not rebound to
initial levels in many wells.

MB-6 Pressure and Temperature vs Time

15 35
—=—MB-6 - Pressure (psia)

L, 30
—+—MB-6 - Temperature (°C)
14.5 25
20
- 15
™ 14 2
% 10 %
5 c
2 s 8
< E
~ 135 .
S : o &
: -5
13 10
-15
12.5 -20
3/18/2016 3/28/2016 4/7/2016 4/17/2016 4/27/2016 5/7/2016

Date
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Depth ; MB-6
Name Litholo i
(ﬂ bgs) 9y Casing
Description
0 0
. Glacial Drift
= Conductor
Casing: 16 in.,
= 0-120 ft.
; G ; sand, shale
1,000 Undifferentiated et t-smasg Gasing: 11 34
& % in. 42 Ib/ft H-40, 875
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- Antrim surface with 320 sx,
- Nabors Super Lite,
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2,000— 85.6°at TDwith a
= Bell_Shale. maximum dogleg
- Dund severity of 12.33" per
= undee 100 ft at a MD of 5,967
= ft
- 4— Intermediate Casing
- "t TOCat2475ft
N Detroit River Group
= 4 Intermediate C: 8
| & ntermediate Casing:
3,000— 5 518 n. 32 IR, 3,740
Richfield g b 5k ] ft., cemented with 175
- oo 3 ¥ sx Super Lite, 3%
- Amherstburg 5 imestone: 33% : CaCl, 126 ppg; 125
- B sx Class "A", 2%
= Bois Blanc 3 CaCl, 15.6 ppg, Top at
- e 2,475 ft per
= 3,679 ‘ temperature survey
- Bass Islands Anhy.
il : ] 4,003
Ry = A — =
F

5,000

6,000

7,000

F (Salf)

4,076

Salina

Group

o|m

o

zdolon
H el
C__shal
\ carbonal
B T

8 (Sal)

Healt

A-2 Carbonate

A-2 Anhydrite
A-1 Carb

Brown Niagaran

Not to Scale

Explanation

Denotes Open
Annulus Tested

W

Production Casing
TOC at 4,950 ft

Production String: 5-1/2 in. 15.5, J-55, STC
Surface to 3,629 fi, 5-1/2in., 174, J-55, STC
landed at 6,970 ft MD, Stage (DV) Tool at
5,367 fi-5,5,370 fi, ECP at 5,380 fi-5,389 fl,
Float Collar at 6,928 ft,

Stage 1

Lead: 30 sx 50/50 poz, 19% sall, 6% gel yld
1.56 cu ftisx

Tail: 330 sx 50/50 poz, 10% salt, 75% Super
11-350, 3% CaCl,, 5% LP-2, yld 1.22 cu ftisx

Stage 2
165 sx 50/50 poz, 19% salt, 6% gel

PBTD = 6,927

M Drillers TD = 6,970~
s 8 83 8

MB-06 03 CDR




Technical Status- SCP Testing

* Gas sample analysis showed mostly methane,
nitrogen, and hydrogen. Most likely from intermediate
zones, atmosphere or cathodic protection.

* One well had higher CO, levels.

100
90
80
70
60
50
40
3

Mole %

o

2

o

1

o

0

25

MB-1 Through MB-5 Gas

Composition

- - I“ --I - |I‘ B ==
1 2 3 4 5

Well Sample Number

M Nitrogen

B Methane

H Hydrogen
Carbon Dioxide

M Ethane

M Propane
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Technical Status- SCP Testing

* Williston Basin site SCP testing is planned in 30 CO, EOR
wells for Summer-Fall 2017.

* |nitial screening completed to identify wells for testing.
* Most wells appear to have lower SCP pressures (<60 psi).

Annulus A

I—@ Annulus B, By(t)
19

FF,
\ 2 -_-_-— == P: P:
1= Fagem ! - i—;';—:: .
FF,

ﬁ: —>  COrifice Vein Porous
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Technical Status- SCP Testing

* Appalachian Basin site sold to new operator, and the site
was not available for SCP testing...but we continue
discussions with the operator.

* Well history/record review indicates these wells did not
have any more problems than typical oil & gas wells.

27



Technical Status

* Additional tasks on statistical machine based learning and
uncertainty analysis of wellbore integrity metrics are
planned in FY2019.

* Analytics with Machine Learning
= Transform raw data into information for decision-making

= Includes all of the infrastructure required to do that transformation

- Data collection & — Exploratory data / DZtZ'AnJTLs‘L
management analysis

— Predictive — Visualization & ‘E -
modeling reporting and Management Modelng

N

28 BATTELLE
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Technical Status

* Task 6.1 Well Integrity Regression Analysis
* Task 6.2 Data Analysis Algorithm Development
* Task 6.3 Meta-modeling on test fields

Data “ Training” Meta-Modeling “ Sliders”

e £
D T e
Train nm. ?: { v “ W i 6450 AU N AT 1B
E6UNGxn, = A ‘;_‘ e
() ) o) o) (o) ==
BU N N i = P =
Full Dataset Predict = : G

> A VvV 4 o

Source: Schuetter et al., 2105 SPE URTeC 2167005
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Accomplishments to Date

* This integrated approach brings together analysis of well
iInformation with field monitoring and testing:

= Development of a registry of wellbore integrity factors,

= Detailed review of fields (Michigan Basin, Appalachian Basin, w-
central U.S.) with wells exposed to CO, in the subsurface,

= Clear, direct, and cost effective field testing of wells with sustained
casing pressure to determine the nature of well defects common to
wells exposed to CO,, :

= Advanced analytical processing of well
construction parameters based on historical
and spatial trends and machine learning to
sustained casing pressure results.




Accomplishments to Date

 Completed well integrity registry to identify processes that
may affect wellbore (Task 2).

 Completed site characterization of geology, well construction,
field history, well status, for test study areas in Appalachian
Basin, Michigan Basin, and Williston Basin (Task 3).

* Completed sustained casing pressure testing in Michigan
Basin site. Testing in-progress at Williston Basin Site.
Appalachian Basin field sold to new operator so this study
was more based on records/well history (Task 5).

31 BATTELLE



L essons Learned

* SCP testing/monitoring method is effective, direct, low-
cost method to test/monitor wells for variety of defects.

* Method doesn’t require well to be offline or service rig.
* Data may show defect nature, severity, and location.

Cow
Scratching
Post Well

Corrosion
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. essons Learned

* 23 CO, wells were surveyed for casing pressure at
Michigan Basin. 6 wells had indications of casing
pressure and were tested for casing pressure buildup.

* These wells showed only minor casing pressure related to
thermal effects.

* Overall, sustained casing pressure was not a common
problem for the tested wells at the Michigan Basin site.

* Well construction practices were sufficient to isolate the
Injection zone and prevent any significant migration of
CO, into the wellbore.

33 BATTELLE



. essons Learned

* Well construction methods that appear to have helped
maintain wellbore integrity at the site include:

= Multiple strings of casing (conductor, surface, intermediate, and deep) are
present in the wells which reduces potential for gas migration from
intermediate zones.

= Most wells were cemented across or near casing string crossovers
reducing pathways for gas migration along the boreholes.

= More cement was used to cement in the casing strings than many other
areas of the Midwest. Casing strings are cemented in with several
hundred feet of cement, and in many cases over 1000 ft of cement.

= Cement was allowed to set and the top of cement was tagged to confirm
the top of cement, which was especially pertinent to this site because there
was potential to lose cement in washout zones.

34 BATTELLE



. essons Learned

* Well records at an Appalachian Basin site did not show
unusual well history related that would suggest
substantial issues with these well exposed to a natural
CO, field in the subsurface.

* Future work will expand sustained casing pressure testing
to Williston Basin field to provide additional data on well
Integrity.

* Results will be analyzed with machine based learning
methods to determine if certain well construction factors
may be related to CO, corrosion.

35 BATTELLE



Synergy Opportunities

* Project has significant synergies with other ongoing work
on carbon storage technologies (carbon capture &
storage), shale gas developments, other CO, storage
research.

* Provides a better understanding of wellbore integrity in
legacy oil and gas wells, a key issue for CO, storage in the
region’s deep rock formations.

* Reduces uncertainty related to siting CO, storage projects
by providing direct testing of legacy CO, wells and relating
this to >1 million oil and gas wells in the region.
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Project Summary

* The project is designed to develop a comprehensive
approach to analyzing wellbore integrity for CO, storage
applications from start to finish.

* Results of the project will benefit CO, storage applications
throughout the U.S. and advance technologies aimed at
surveying, identifying, and characterizing well integrity
factors.

* The project methods will be validated with actual well data
from CO, environments, providing realistic results.
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Benefit to the Program

* This project addresses Funding Opportunity 1240 Area of
Interest 2. Wellbore Leakage ldentification and
Characterization.

* The project is designed to establish an effective approach
to determining the location/depth, nature, and severity of

well integrity issues for wells exposed to CO, environments
In the subsurface.

* Project results will provide new and improved predictive
methods to survey, identify, characterize, and manage
wellbore integrity defects for CO, storage applications.

40 BATTELLE



Project Overview

* The objective of this project is to develop and validate a program for
Identifying and characterizing wellbore leakage potential for CO,
storage applications based on analytics of well records validated with
sustained casing pressure field monitoring.

* The project will develop and advance technologies that will significantly
Improve the effectiveness and reduce the cost of implementing carbon
storage.

* Integration of casing pressure test results with automated machine
based learning analytics can identify wells with poor integrity

* Development of an integrated program to identify, survey, measure,
analyze, and remediate CO, migration in wellbores.

* |n addition, the type of well defect (micro-annulus, cracks, cement
voids, and incomplete cement coverage) may be better characterized
to select to the most appropriate remediation technology.

I ——
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Organization Chart
3-Year Project; October 2015 - September 2018
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Gantt Chart

* Project is designed
with a sequential
series of tasks
over 3 years.
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BP3
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FY2016

FY2017

FY2018

Q2] Q3

Q4

QL

2] Q3

Q4 Q1] Q2 | Q3

Task 1: Project Management & Planning

1.1 Update Project Mgmt. Plan

*92

1.2 Project Management

1.3 Progress Reporting

1.4 Project Controls

1.5 NEPA Reporting

Task 2: Well Integrity Registry

2.1 Well Construction Methods

2.2 Well Casing Integrity Issues

2.3 Well Cement Issues

2.4 Geologic Processes

2.5 CO2 Environments

Task 3: Well Record Data Collection & Rev.

3.1 Cement & Drilling Records

3.2 Operational Records

3.3 Well Workover/Leakage Records

Task 4: Log & Testing Based Well Int. Asmt.

4.1 Log Analysis

4.2 Well Record Analysis

4.3 Well Integrity Evaluation

Task 5: Sustained Casing PressureAnalysis

5.1 SCP Field Site Description

5.2 SCP Field Data Collection

5.2 SCP Data Analysis

Task 6: Well Integrity w/Machine Learning

6.1 Well Int. Regression of Well Int. Indicators

6.2 Data Analysis Algorithm Dev.w/Mach. Ling
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Task 7: WBI Uncertainty Factor Analysis
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7.3 Uncertainty Reduction

Task 8: Reporting and Tech Transfer

9.1 Progress Reports

¢ @

9.2 Technical Reports

L 2K 2

L 2K 2

9.3 Final Reporting

9.4 Project Meetings

9.4 DOE BPM
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