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This project was funded by the U.S. Department of Energy, National Energy Technology
Laboratory, in part, through a site support contract. Neither the United States Government
nor any agency thereof, nor any of their employees, nor the support contractor, nor any of
their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by frade
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein do not necessarily state
or reflect those of the United States Government or any agency thereof.
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« Millions of active and abandoned wells in
the United States

« Historic overlap between driling and
valuable formations for GCS

« Well integrity is a potential leakage risk that
varies spatially among well types,
configurations, and construction

« Generally poor documentation of well
construction, use, and integrity history

Need to understand drivers of well integrity issues to e
better characterize leakage risks M pm——————— A
0 1 25 50 75 100 5

(Lackey et al., 2021)
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« Well integrity 2 -
« Conftrolled production/injection of fluids
* |solate formation fluids along depth
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» Well integrity ; i _ i
« Conftrolled production/injection of fluids
* |solate formation fluids along depth

 Integrity issues:
» Improper cement seal
» Faulty steel casing
 Fluid invasion from an infermediate
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Potential Well Leakage Pathways
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« Well integrity
« Conftrolled production/injection of fluids
* |solate formation fluids along depth

 Integrity issues:
» Improper cement seal
» Faulty steel casing
 Fluid invasion from an infermediate

 Integrity testing methodes:

» Sustained casing pressure (SCP)/casing-
vent flow (CVF)

* Annular geochemical sampling

» Temperature log, noise log, bond log,
pressure fall off tests (SAPT)
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Study Area - The Wattenberg Field

Regional well integrity monitoring
since 2010

CO Energy & Carbon
Management Commission (ECMC)
a leader in data availability

Annular pressure monitoring and
geochemical sampling

Relatively high frequency of
integrity issues

(Wikimedia Commons, 2022)

Data availability and integrity challenges
make the Wattenberg Field an ideal case study

nver aquifer

(Paschke et al., 2011)
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=] ® Oil & Gas Well

| | Study Area
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R Wattenberg Field [*
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State of Colorado Fom Bz Ut oY
0il and Gas Conservation Commission

1120 Lincoln Street, Suite 801, Danver, Colorado 80203 (303) 8342100 Fax: (303) 894-2109

BRADENHEAD TEST REPORT
Step 1. Record all tubing &nd CARN pressures s found.
Step 2. Sampla now, wurtace ng P *25pal. 1o
n-px Conduct Bradenhesd fral.
Conduct inlermediais casng tesl
.lpl. mmh!mmnummnmmwm include wellbons dugrem ¥ not previously.
‘of ¥ welibore configurabon has changed &ince pnor ogram. Attach pas and kquad snalyses if sampled.
1. OGCC Oparstor Number: (1324 6 11. Dato of Test: JULY 20, 1999
BIG OIL COMPANY Leasa No: -9991
ety = 3 BLMLeasaNo: _—— =~ [ el Status: [2] Flowing[] Shutin
4. API Number 5. Mulliple completion? (] Yes [Z] No [ Gealit [J Pumpng [ inection
B Well Name: CREEK FEDERAL Noumber: 5-13 Be Injoctio
7. Location (QtrOftr, Sec, Twp, Rng, Merdiany. _NW SVW SEC 13-T34N-REW NMPM O Plunger Lt
8. County: LA PLATA 9. Fieid Name: IGNACIO BLANCO 13, N.,,,..,.,dc,..., Suings.
10, Minerals: [ ] Fee [ ] State Federal [ Indian [ ]Two [ Liner?
14, STEP 1: EXISTING PRESSURES
= il Tubing: 250 Tubing: Prod. Casing: Ini-lm-r!hll Surface 15,
Fmﬂ“l 300 Cay Casing: T
i ve: TG = Feu MV a 4 | STEP 2: Sea instructions above. |
18, STEP 3: BRADENHEAD TEST
Elapsed Timo | Fm: £ Producton | Intermodiate | Bradenhead
Buredvalve? [Zlves [[JNo Confirmed open? [Z]ves D""m-..s-q te T:‘ o sl by
With gauges monitoring production, infermediate casing and 00:
tubing pressures, open uufm usng‘('hadmudj valve (if 550 0 o
. . . . :;mhennedpahc;;s:!m manitor only a"wmt'd uﬂ glﬂl‘l - 300
[ ] R 'I- 'I' f S 'I' d ing pressures.) Record pressures minute intervals. :
outine INspecCtions 1or sustdine Dol cavscescs o how i Fiow e 250 w | o w
o using lefter designations below. 03
asing Pressure S e e I w o | w
H=Waler H20; M=Mud; W=Whisper; S=Surgs; G=Gas [
BRADENHEAD SAMPLE TAKEN? 250 300 0 W
1 . 1 ] ves No ] Gas [ Liquia [20
Began in 2010; expanded in 2019 e e L w o | w
O suttur [ sary [ sieex ]
. [ Othar: gescibe) - . W
- P heck and 30 min bleed-off
ressure cneck dn IN 0leeq-0 emp——
Wote instartansous Bragenhesd PSIC atend of lest >

» Fluids collected if produced during test
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« 2017: Analysis of SCP occurrence and well —
construction prior to 2016 ).
« SCPin 13.8% of 3,923 wells tested vordo DI Basin
- Logistic regression model (poor performance) e

B 2N
z Critical SfCP with SSC
& Critical SfCP
Thermogenic CH, in water
Confirmed well leaks
=== Wrench faults
[ wattenberg Field
11 Wattenberg Test Zone
[ sicP hot spot
+  SfCP Data
Qil & gas well

S xRl
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« 2017: Analysis of SCP occurrence and well
construction prior to 2016
« SCPin 13.8% of 3,923 wells tested
 Logistic regression model (poor performance)

« 2021: Analysis of SCP occurrence prior to
2018 across multiple states
« SCPin 26.5% of 11,394 wells tested

o
A
A
Tested wells with SCP andfor CVF (%) N
by — T T

25 50 75 100

(Lackey et al., 2021)

#5%% U.S. DEPARTMENT OF




Previous Work == NATNAL
TL TECHNOLOGY
LABORATORY

_20_

« 2017: Analysis of SCP occurrence and well
construction prior to 2016
« SCPin 13.8% of 3,923 wells tested
 Logistic regression model (poor performance)

« 2021: Analysis of SCP occurrence prior to
2018 across multiple states
« SCPin 26.5% of 11,394 wells tested |

« 2022: Analysis of geochemical samples ~60{-{ 2 e

= LFH (confined)

collected from well annuli with respect to inermediate Gas:

=== Pierre Shale

well construction 470~ PR Ses

Niobrara

« Thermogenic gasin 96.2% of 2,148 wells — cosel
+ Gas from below cement top in 73.3% of 1,803 wells e e —

o 1n
] N
oo

~30 5
—401 |

—501 1

O13C (%o0)

m o
n

1.00-

o
o

Well integrity issues are common in Wattenberg 1 /Ca?bon Number
Field and primarily due to barrier failure (Lackey et al., 2022)
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Expanded Integrity Testing Dataset ¥

« ECMC records gathered through

end of 2019 S R
% .,'\ _,,. ‘:. :h.-,' 5‘.&...
« Dataset expanded: _ o e s S :’%1, ‘
« SCP tests from 26,375 wells j i RN oo Dl S O i,
« Geochemical samples from 2,148 wells | 5N o ﬁ b i;; P
+ Complementary records gathered  § - adee LI IR AL
from proprietary sources (Enverus) JEEehot s R S R e e
. . e Sor Ol O L 1 SR - -':,,,' ® Oil & gas well
« 106 attributes that describe: B s *W‘, P S v

b i A SR S g ;-".; [ ] G.e:::hemicaISample
* Location, underlying geology, g Pl 5 AR
construction, operation, and | Rz B S G, L il | &

production history D i G0 o SOk
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Well Integrity Evaluation N=[MennA:
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« SCP (Pressure)
+ APIRP 90-2 -
. 345 kPa (50 psi) diagnostic threshold i > "
 Pressure did not bleed to zero
« Bled to zero but multiple tests above
threshold
. SCP (Geochem.) I S
+ Presence of thermogenic gas (C,) . g
hydrocarbons - i e 1555
167 et o d ) :;:
e Tﬁ;:—g_ !
S1C-CHy (%0)

(Lackey et al., 2022)
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» SCP testing expanded to all active
wells

o 26.5% (2021) to 17.1% _ : : _
«  8.2% of wells with thermogenic gas e AL e GRG0

= h " ﬂ'}v < >
(B8 " e o5 TRl e 7| T aN i P e,
tofm o s ‘t . i. 1 g 0:.: .".' e w . A
) it R ‘\}i" 3y ";:-\'t-:‘"m AN RO o g o
Caiegory A" We"s (%) H S; " : 5 1" = "* i ot 3 - -y » iﬁ: L -.. 3 L/
Al I A 5 EoF, b SRR B i TS SRV |
Tested 26,332 i R AR I O T
o T8 i oty Fosd & e "‘3“!,"*_' A
SCP (Pressure) 4,490 (] 7]%) i P e T R, ¥ "':':" Sty o a3 -
’/ T BRI, G ST | e oil&gas well
SCP (Geochem.) 2,159 (8.2%) 2 T e e RN o scerest -
o i ..‘.: J"L e '.',"‘l_ - :‘.?: A @  SCP (pressure) -
I g : = ® SCP (geochem.)
1 ik SRageR o % iy ;
v Pt SENEBIEA B i River
:&' '_ ".;4' ~* Wattenberg Field
New data has decreased estimates of F MG N [T oreater wattenberg aves [

) F o

percentage of wells with integrity issues ——— 2 .
N .
0 10 20 30km
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« Getis-Ord GI* hotspot analysis on percentage of

wells in each section Statistically significant hotspot
of well integrity issue
° YeOrly percehTOge Of We”S ThOT exceed occurrence. No significant

diagnostic threshold temporal trend.

SCP Pressure _SCP Geochem

r—— . —
S A P B S ‘*\L; AT <3 25000 100
I I Jis I L 8
\ \ Sty b Rl Gt "\ ~HH H [ Tests Performed
F i N - N e > 344.7 kPa (50 psi)
Ve R Fz ;;‘ = P | i v?, -\ |
b WS f—— - g W ﬂj Hi =i M 20000 N
B HE A e ReERsEEs: : 3 £
- = o 5 e e - Chg - - g =
[ T i Lo S 7 e I + L = g
B - O M) = s S
i - i Eee T el | & Speas H = 5 15000+ 2
5 s + s, = £ A — T == =S28 HH e & ;
’:(— H prid T r"("— = ; 22 . 2 ~
= H = % = B = [1e5 X < c £
= H - N 3 T 5 | =
! EE= ‘:‘7 Getis-Ord G!‘ Hot i & - == Getis-Ord Gi* Hot i E 10000 =1
i ] == || Spot Analysis (Z-Score) |- o == SO Spot Analysis (2-Score) |- I A
T w)
] T ST I <258 ! ! = H [ <-2.58 E] 2
— mms I -2.58 - -1.96 ] HHH -258--1.96 2
7 TR === -1.96 - -1.65 mE s . et 1,96 - -1.65 i 5000
: ay (muma, ! -1.65 - 1.65 I ¢ T i 165 - 1.65 1
B HHH 1.65-1.96 1] =F f £ 1.65 - 1.96 (]
= Z Eass 1 1.96 - 2.58 =<r § |f= : 1.96 - 2.58
Denver <Y KR (.| B >2.58 - \"Dehver 'y~ 7} SLSZHACEOH H Bl 258 i 0
= T — FARL N T ¥ b =2 Y e — AL L o P4 D I T ¥
— ||
0 10 20 30km 0 10 20 30km
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. = e 0
Inside Hot Spot
Tested 6914 | 3,453 | 1,792 | 1,627
SCP 2,614 1,193 | 816 589
(pressure)  [(37.8%)| (34.5%) | (45.5%) | (36.2%)
SCP 1,329 | 557 490 267 ,
(geochem.)[(19.2%)] (16.1%) | (27.3%) | (16.4%) W 7 o ol a gos wen
Outside Hot Spot w0 I
Tested 19,418] 10437 | 2,984 | 5919 1 : éiﬁﬁf;";;‘;”(‘grem)
SCP 1,876 | 692 434 740 7 ~ 77| —— wrench Faults
(pressure) | (9.7%) | (6.6%) | (14.5%) | (12.5%) g . '“2?5;’:3"'5
SCP 830 | 317 239 263 T [ e,
(geochem.)| (4.3%) | (3.0%) | (8.0%) | (4.4%) =X e e iisiteoail o

. . 0 10 20 30k
Greater than three-fold increase in percent of wells m

with SCP inside the hotspot
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Modeling SCP Occurrence

Type

, U.S. DEPARTMENT OF

Status

Age

Operator

Casing/
cement
design

Qil/gas
price

Target

Comp.
method

TVD/MD

N=
TL

» Goal: binary prediction of well integrity

e Classifiers considered:

Model F1 Score AUC
Gradient Boosted 0.74 0.82
Random Forest 0.74 0.82
Logistic Regression 0.67 0.77

Using XGBoost Gradient Boosted

Decision Tree Algorithm

NATIONAL
ENERGY
TECHNOLOGY
LABORATORY

Integrity loss potential
_>
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« Held out 30% for validafion -
» Under-sample to balance dataset oo
« KNN imputation (3.7% of dataset) -l ED
- 10-fold cross validation [;} =Y =

« Recursive feature drop Ppsine

Optimal | f ) Column Transformer
features ' i
i Split features E
i
(]

* Hyper parameter tuning

rorae s
- Target: SCP (geochem.) i

P % U.S. DEPARTMENT OF
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Model Performance - All Wells =|NATIONAL
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» Reasonable classification power
Metric
« Held-out set:
. 7,833 wells; 647 (8.3%) with SCP F]’*Si‘;e 8?;‘
« 527 (81.5%) of 647 identified my—— 0.81
» 120 (18.6%) with SCP misclassified ———— 5o
» Favored precision over recall All Wells
» 2,043 false positives = i
* Reduces wells considered by s | | NOSCP NEEEIELNN 28.43%
6 7% 506 Threshold §
« 20.5% in selected pool have SCP S
|_

« 2.3% in hon selected pool have SCP

0.2

Model Useful for Risk Assessment

0.0 0.2 0.4 0.6

5% U.S. DEPARTMENT OF
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18.55% 81.45%
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Importance of Location/Geology
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Vertical

Surface Hole Longitude (WGS84) _
well status_p & A [ NN
Upper Perforation -
Operator Alias (Legacy)_8 -
Lower Perforation -
Surf Csg Depth -
Ground Elevation -
Distance to Closest River (ft) -I
Closest Wrench Fault Distance (ft) -
Codell Pressure Gradient -

0.0 0.2 0.4 0.6 0.8 1.0

Mean |SHAP Value|

12

14

Deviated

well statws_p & A [ N NN
ISurface Hole Longitude (WGSB4)_
Total Proppant (First Treatment Job) -
I Surface Hole Latitude (wess4)_
Daily Gas _

Closest Secondary Fault Distance (ft) -
Upper Perforation -

First Test Oil Volume -

Ground Elevation -

Thermal Gradient (C/km) -

Horizontal

Surface Hole Longitude (WGSEM)l_
Surface Hole Latitude (WGSBa]I-
Well Age -

rirst Test Gor [

Cum GOR -

Ground Elevation _
True Vertical Depth -

Closest Secondary Fault Distance (ft) -
Proppant per Perforated Foot (First Treatment Job) -
First Test Water Volume -

0.00 025 0.50 0.75 1.00 1.25

00 02 04 06 08 1.0

Mean |SHAP Value|

12

14
Mean |SHAP Value|

 Strong spatial correlation in SCP occurrence among wells
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Importance of Location/Geology
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Deviated

wen starus» & » [

Well Status_P & A - Surface Hole Longitude (WGS84) —
Total Proppant (First Treatment Job) -

Upper Perforation -
Operator Alias (Legacy)_8 - Surface Hole Latitude (WGS84) _
Lower Perforation - Daily Gas -
Surf Csg Depth - Closest Secondary Fault Distance (ft) -
Upper Perforation -

I Ground Elevation -
I Distance to Closest River (ft) - First Test Oil Volume -
Ground Elevation

Closest Wrench Fault Distance (ft) -
Thermal Gradient (C/km) -

Vertical

Surface Hole Longitude (WGS584) _

Codell Pressure Gradient -
00 02 04 06 08 10

0.0 0.2 0.4 0.6 0.8 10 12
Mean |SHAP Value| Mean |SHAP Value|

14

12

14

Horizontal

|
Surface Hole Longitude (WGS84) _
Surface Hole Latitude (WGS84) _
Well Age -
rirst Test Gor [

Cum GOR
True Vertical Depth
Closest Secondary Fault Distance (ft) -
Proppant per Perforated Foot (First Treatment Job) -
First Test Water Volume -

0.00 025 050 075 100 125

Mean |SHAP Value|

 Strong spatial correlation in SCP occurrence among wells
» Wells located in valleys are more likely to exhibit SCP
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Importance of Location/Geology
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Vertical

Surface Hole Longitude (WGS84) _
Well Status_P & A —
Upper Perforation -
Operator Alias (Legacy)_8 -
Lower Perforation -
Surf Csg Depth -
Ground Elevation -
Distance to Closest River (ft) -
I Closest Wrench Fault Distance (ft) -

ICodeIl Pressure Gradient-

Deviated

well statws_p & A [ N NN
Surface Hole Longitude (WGS84) —
Total Proppant (First Treatment Job) -
surface Hole Latitude (wss4) [
Daily Gas -
I Closest Secondary Fault Distance (ft)l-
Upper Perforation -
First Test Oil Volume -
Ground Elevation -

I Thermal Gradient (C/km)l-

0.0 0.2 04 06 08 10 12 14

0.0 0.2 0.4 0.6 0.8

Mean |SHAP Value|

 Strong spatial correlation in SCP occurrence among wells

» Wells located in valleys are more likely to exhibit SCP
» Location with respect to faulting, over pressured zones, and thermal
maturity also important

& U.S. DEPARTMENT OF
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10 12 14

Mean |SHAP Value|

Horizontal

Surface Hole Longitude (WGS84) _

Surface Hole Latitude (wGss4) [N

Well Age -
e
Ground Elevation

True Vertical Depth -

I Closest Secondary Fault Distance (ft) -
Proppant per Perforated Foot (First Treatment Job) -

First Test Water Volume -

0.00 025 050 075 100 125

Mean |SHAP Value|




Feature Importance - Location/Geology
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« Highly complex geology — nexus of basin axis and wrench fault system
 Aligns with path of St. Vrain Creek, South Platte River, and Longmont

Wrench Fault

« Extension overlies region where source rocks have highest thermal maturity
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Incorporating Cement Quality = [MTavAL
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« Cement bond logs (CBLs) industry
standard for interpreting quality of
cement seal between casing and
formation

« CBLs available for 18,639 tested
wells in the Wattenberg Field

o . (mv) “'100 . > ;’ o
6 Formation PR
w0 ement e ot
asing . Oladeoe
Transmitter Rivers
Greater Wattenberg Area
~ Wattenberg Field
= , 3'Receiver - ‘ p : S e S— e —
S 0 10 20 30km
4EEEZCe
ll I A
Eif
==

F 5% U.S. DEPARTMENT OF




Incorporating Cement Quality N=|NanoNAL
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« Cement bond logs (CBLs) industry
standard for interpreting quality of | \\L e p——
cement seal between casing and %Am ol B s
. 14 -
formation Do~
+ CBLs available for 18,639 tested B
wells in the Wattenberg Field /f‘“
+ CBLs downloaded for 13,464 wells == e
PotE Ry oo
Sufficiently large dataset to identify ' G [
relationships between cement quality and S Denver e [N I e i

. ° . =% IR = 2 a ) A ) —
well integrity issues 0—:—10 A
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Bond Log Data

[Version Intormation

VERS. 2.0: CHLS Log ASCIT Standard - VERSION 2.0
[ ] WRAP. NO: One line per depth step
o ~Hell Information Block
° STRT.FT 1645.5060:
STOP.FT 7238.0060:
STEP.FT 0.2500:
. NULL. -999.2560:
o A m | I'I'U d e COMP. Noble Energy Inc.: COMPANY
WELL. Dietrich CO7-27DX: WELL
FLD. Wattenberg: FIELD
Loc. SHL: 200" FNL & 1305° FEL NENE--BHL: 99° FSL & 1366° FEL SWSE-- sec-7, twp-4N, rge-64W: LOCATION
ChTY. Veld: COUNTY
L SRVC. Superior well Services: SERVICE COMPANY
DATE. Thu Oct 02 11-48-05 2008: LOG DATE
WiI. 05-123-27159-00: UNIQUE WELL ID

STAT. Colo: STATE

« Gamma Ray =

~Curve Information Block

DEPT.FT 8 000 00 80: Depth
AMP3FT. oy : AMP3FT Amplitude
° ° ccL. : Casing Collar Locator
[ ) GR_cbl.GAPI : Gamma Ray
° ~Parameter Information Block
~A Depth AMP3FT ccL GR_cbl
1645.5008  -999.2508  -999.2560  -999.2500
H . 1645.7508  -999.2500 8.1157  -999.2500
Y r r l I U e 1646.0000  -999.2508 -0.0630  -999.2500
. 1646.2508  -999.2508 8.0341  -999.2500
16465008 -999.2500 8.0585  -999.2500
VDL
E— T e
Database File sarchet john & unit 1 db i i s = n s ot
Dalasel Pathname: pass3.1
® GO I I l I I IO R Oy Presentation Format: ~ schi02 G RAY ; Cemenr Bowo e Dewsiy
Dataset Creation: Mon Aug 04 11:40:21 2014 by Calc SCH 120430 ]
. Charted by Depthin Feet scaled 1:240 5 po LY 0 Mer Secaos 1208
AMPRILOE BICREAES. 7
) COl IGr LOCG'I" O n s coL GammaRay |0 Ampitude (V1000 AMPAVG 130[200 VDL 1200‘1 SECTORMAP 3| 28 N ard 2 3" Semmwn
0 (GAP) 20000 AMPxS(mV) 2000 AMPMAX 150 60 Tias
' 0 AMPMIN 150 -

Sector Maps e e e et e ==
Pressure EEEEfToeemmmEEmEe EH e
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Bond Index Calculation
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« Gather amplitude data from .las files
 |ldentify cement top
« |dentify amplitude for 100% and 0% bond

« Calculate the bond index (Bl) score
« Good: 0.8-1
* Mid: 0.6-0.79
« Poor: 0.4-0.59
* Worst: 0.0-0.4

« Derive cement quality parameters

&% U.S. DEPARTMENT OF

{6) ENERGY

TL TECHNOLOGY
LABORATORY

Cement Bond Log Cement Visualization

(Haagsma et al., 2015)

Attenuation Measured Bond Index

Maximum Attenuation
(Bigelow, 1990)




CBL Model Parameters

Sampzl‘; Efollectiqn Point
urface casing
Model Parameters 4000 annular valve)
Denver
Min. Bl Arapahoe e
0. o <= Sussex ' Laramie-Fox Hillse |
Max Bl
Total Average Bl 5000 Upper Pierree
600 m
Good Footage
Mid Footage 2 %%
Poor Footage Pierre Shale
2 6000
Worst Footage
TOp Third AVg 6500 - 1,600 m
Mid Third Avg. Sussexs = ml
t hird Shannone '
Boftom Third Avg. 7000 - Prgucton
Sussex Avg. <« Niobrara T
Niobrara Avg. 7500 1 < Codell
COde” Avg' 0.0 0:2 O.'4 0:5 0:8 10

Bond Index Value
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Ensemble Decision Tree Approach

Ensemble decision free model

One-hot

CBL data only model & combined model

Train and test

split

TL

Key

Process

Confounding variables —T—

Yy
| S

Workflow
Testing set Direction
_—

» Pressure applied during CBL *
« Eccenfricity —

« Expert judgement

Randomized
sssss h with CV

Optimal

parameters

Finalized
model

Final
Evaluation

!

Feature
Importance
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Alternative Modeling Approaches N=|NamoNAL
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Long Short-Term Memory Networks
« Recurrent neural networks
—ame — The current state of the LSTM

o o 1 « Architecture designed for

P unit and “outputs” (hidden :
T state) are used as inpufts for SequenT]OI dq’rd speech, text,
sensor, financial)

s we 1 the nextinterval of data
« Sequential data processing

T > N CLSTM ) B preserves the order of the data

ly o 0__> . e 0

= Sl Challenges:

j‘>JC1— (110 S . Iong seguences
Unit « variable length

LSTM  variable resolution (0.5 vs 1" intervals)
Unit *h,

i

|

NN
1\ |
O

\S}

:> X3 LSTM h3

Unit

me =
F
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Model Application for GCS
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GCS in the Denver Basin

The Denver Basin contains 70% of
all CO2 storage capacity in
Colorado

82 screened candidate oil and
gas reservoirs in 31 fields have a
total estimated capacity of 505
MMT and an average of 6.2 MMT
per field (McPherson, 2006)
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Denver (DJ) Basin

EXPLANATION

Boundary

Candidate Qil and Gas Fields
&3 Cumuiative production =1 million bbis oil
o C 10 BCF

»10 BCF gas
¢4 Cumulative >1 million bbis ail and >10 BGF gas

0

an Juan Sag ,/ "
ugoton
|gnmi° 1 Embayment
San Luis | faton
shn Juan Basin | Basin
-t Basin
] 7 B . st

Fig. 4. Oil and gas reservoirs included in carbon storage estimates for Colorado
(bbls = barrels; BCF = Billion Cubic Feet).

(McPherson, 2006)




Model Application for GCS N= [Ty
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GCS in the Denver Basin
« The Denver Basin contains 70% of | s

Series

O | | C O 2 S-I-O ro g e C G p G C i -I-y i n North and Western Denver Basin Eastern Denver Basin and adjacent areas

Tertiary AT T oA A s o

C | d Denver Formation Dawson-Denver Formations
O Oro O Arapahoe Fi Arapahoe Fi i

Laramie Formation Laramie Formation £50390105

Storage Assessment Unit (SAU) notes

Terry and Hygiene Sandstone Members SAU

. . Fox Hills Sandstone Fox Hills Sandstone Seal: Pierre Shale
« 82 screened candidate oil and RSDTTTIT D e
o . o g2 Toiry Sandstone Member __§ Szg;st:ne Maem‘l:.:ersa il
5= : L
g O S re S e rv O I rs I n 3 ] fl e | d S h O V e O Upper 7| S Db et L= Niobrara Formation and Codell Sandstone SAU
‘I‘ 1_ | 1_. 1_ d .'I' f 505 Cretaceous £s Smoky Hill Shale Member g:gﬁ;;&e Shale
ofarestimarea capacity o T~ s CodeSnsors ontr 105

MMT and an average of 6.2 MMT e — Gt e A
per field (McPherson, 2006) e e i st Lvston

Mowry Shale M

- Potential formationsinclude Terry | ¢ 2o | s Syt
and Hygiene Sandstone, Niobrara, | ™ & § g A — T

C50390101

COde”, Greenhorn LimeSTone, ‘ ‘- ggzgr\srt:lrl:lfxgtosr}rl:;on,"Lakalu'nidrillers,

Morrison Formation Morrison Formation “Dakota” of drillers, Inyan Kara Group,

Muddy Sandstone, Dakota and rrepemrpmreparemrreay B b oL oo by o
Lakota

(Drake et al., 2014)
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Model Demonstration N=|amona
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Colorado County
J Boundaries

EPAFLIGHT 2021
a
Sources

[ oil and Gas Basins
:| Oil and Gas Fields

Plainview and Lytle
= Formations

["] Muddy Sandstone
|:| Greenhorn Limestone

=l Niobrara Formation and
Codell Sandstone

= Wells with SCP data
~ » Wells without scp data

EPAFLIGHT 2021
Sources

a

= Plainview and Lytle

Formations
["] Muddy Sandstone
"] Greenhom Limestone

Niobrara Formation and
= Codell Sandstane

: — IB"Y and Hygiene

D Terry and Hygiene
Sandstone

[ scP Hotspot [ SCP Hotspot
Total Well Count % :f\:‘:zﬂhem Field

1.000000 - 126.000000
126.000001 -
395.000000
395.000001 -
950.00000C
950.000001 -
2076.000000

EEER] iy o 257
0 2550 100 Kilometers -
(NN . 00000

0 5 10 20 Kilometers

+ Wattenberg field provides the largest capacity in the Denver basin at an estimated 352 MMT (Drake et al., 2014) and presence of CO, emitters with
stacked formations makes it a good candidate for GCS (Ning and Tura, 2022)

+ Existing wells in the field create potential leakage pathways

* Regional well integrity monitoring data and predictive models are valuable for site selection and corrective action planning
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« Well integrity can be forecasted with regulatory records

« Geology is a primary driver of oil and gas well integrity issues in the
Wattenberg Field of Colorado

« SCP monitoring programs help identify regions with a high risk of well
integrity issues and provide valuable insight for future GCS operations

Next Steps
» Incorporate CBL data in ensemble decision free modeling approach
« Explore LSTM approach

« Develop GCS case study in the Wattenberg Field that demonstrates
value of regional integrity monitoring data and predictive modeling
approach for GCS
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