Monitoring storage Frojects for Iferm_anence -
case studies from North America

Susan Hovorka
Gulf Coast Carbon Center
Bureau of Economic Geology
Jackson School of Geosciences
The University of Texas at Austin

International "CCS"” Symposium hosted by the Ministry of
Environment, Japan (MOE) held on 25 and 26 March, 2026




Looking back at research monitoring

Research goals - conceptual testing and
validation moving toward commercialization -
this phase substantively completed

Well management, IWR, flood surveillance Responding to DOE drivers requiring MMV

CO2 capture from gas plants and injection for EOR Pre-$85 45Q tax credit

Representative projects

Water and gas injection for secondary recovery
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Tools to Assure Storage Permanence

* Models of CO, plume
* Model of the AOR
* Monitoring data to confirm correctness of model

How do we use these tools effectively?
Answer: Scientific method to test for and prove/disprove
consequential missmatches



“All models are wrong but some are

77
useful George E.P. Box 1976

 Example: Detailed characterization of flow

system at Detailed Study Area Cranfield MS H =

http://dx.doi.org/10.1016/j.ijggc.2012.11.009

 Three wells with good log suites 300 ft apart, two
complete cores, surface and cross well seismic

* Of 100 model realizations only 3 matched single
phase flow

* None matched CO, flow perfectly

the map.
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Fig. 10. Object modeling approach used to generate three equally likely static facies models conditioned to hard data at well locations: Left to right—DAS wells CFU 31F-1,
CFU 31F-2, and CFU 31F-3.
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Cranfield plume front maps
at early time
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Make model “useful” (per Box) create possible plume front maps
of unactable outcomes - risk of plume exceeding AoR
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However observe that one monitoring well is not enough to make a
unique history match



Collect targeted monitoring data that
systematlcally reduces risk
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General Principal for validation of
modeling by monitoring

» Scientific method approach in regulation:

 |dentify the discrepancies that might be consequential to the
containment required

Design monitoring that will systematically probe for such anomalies (e.g.
at 5 years).

Report detection of anomaly = need for remedial action
No anomaly = finding of conformant performance
No need for “perfect” history match



Eliminate need for endless modification of
d

. Examﬁcla%om Ketzin CO, injection project, Germany 2008-2013
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The observed unexpected E-W plume elongation is not on the pathway to
breakthrough at the area of increased risk



Sensitivity analysis for above-zone leakage detection time in models
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Pressure as model match

* Pressure is diffusive - somewhat less affected by reservoir heterogeneity

* Pressure is strongly linked to boundary conditions which are key in correct
AoR calculation.

* Sparse far field pressure may be sufficient to de risk AoR

New version of EASi-tool for simple pressure and AOR evaluation to be released
as freeware www.gulfcoastcarbon.org



Plume tracking

* Testing and monitoring to track the extent of the carbon dioxide plume and
the presence or absence of elevated pressure (e.g., the pressure front) by
using:

* Direct methods in the injection zone(s); and,

* (2) Indirect methods (e.g., seismic, electrical, gravity, or electromagnetic
surveys and/or down-hole carbon dioxide detection tools)

* Could required pressure fall-off test at injection well serve as direct
monitoring per Bob VV?

Unexpected
Single monitoring well asymmetry Is
on predicted year 5 expect.ed in
plume validates a geologic

settings

model if high symmetry
assumed

Williams and Chadwick 10.1190/GE02011-0449.1



CO, plume meets unexpected barrier and
expands asymmetrically
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Figure 8: Portion of the injection and pressure data from Snehvit spanning year 2009 (left), and 4D seismic difference amplitude map of the

lowermost Tubden Fm. level (right)..

Snghvit saline injection 2009 in Barents sea encountered unexpected lateral barriers to flow
pressure rose more quickly than expected. An offset well was drilled to assure continued
injection below fracture pressure.

From Eiken et al, 2011
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CO, preferentially accesses only part of the
intended storage zone (are pressure and CO,
plume are larger than expected?)
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CO, plume has lower than expected saturation and expands
laterally larger than expected
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CO, plume simulation history match with

breakthrough

okl diFmeee

.

Simulation results

§ Aug-10 1 e
Jan-10 e
k! - oo =]
: -
Jul-08 - s °  §
o ="
o.*" O
% Dec-08 -
E - o
=
Jun-08 += : : : :
Jun=0& Dec-0& Jul-049 Jan-10 Aug-10

Breakthraugh time, real field

Flgure =: Compari=an af A tunl and simidated COy breakthrosgh thmes s |l||.d||.|| thon wells

shows that current moded performance Is e HE able and hae so bas toward asderestimating

of averestimating breakthrough thmss.

Title: Integration of reservoir simulatien, histery matching,
seismic for COZ-EOR at Cranfield, Mississippi, USA

: Maspoud Alfi;

Seyyed Abolfazl Hosseini

and 40



GCCC Scientific Method Monitoring Design (ALPMI)

Specify magnitude, *  Avoid subjective terms like safe and effective.
material impact duration, location, rate . E.g. : Specify mass of leakage at identified horizon or
of material impact maghitude of seismicity.
« Specify certainty with which assurance is needed
Explicitly model Model material impact ALPMI uses models differently
scenarios than the typical history matching

unacceptable outcomes
showing leakage cases. the expected performance

This method down selects to consider only
signals that may indicate material impact is

occurring or may occur.

Forward modeling tool response is essential to
developing the expected negative finding: “No
material impact was detected by a system that

could detect this impact.”

Identify signals in the earth system that
indicate or preferably precede material impact

Approaches like those normally seismic
survey design should be deployed for all
modeling tools

This activity as traditionally conducted.
Include all the expected components, such as attribution,
updating as needed, feedback, etc..

Only via this ALPMI process
can a finding that the Report if material impact

material impact did not occur
be robustly documented

did/did not occur




Main points

* Routine matching sparse monitoring data to models is time consuming as well aslinef|ective in derisking

projects

« Recommend: pre-plan monitoring to challenge models where outcomes have consequences. Site specific
design with use of basic scientific method to disprove a failure hypothesis.
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The Gulf Coast Carbon Center ’GCCC

We seek to impact global levels of atmospheric carbon dioxide (CO,) by:

* conducting studies, often focusing on the Gulf of Mexico, in regard to geological storage,
retention and monitoring of CO, in the deep subsurface;

* educating the public about the process of geological CO, storage; and

* enabling the private sector to develop an economically viable industry to store CO, in the

Gulf of Mexico, across the U.S., and globally.

Surface or Seismic
Interpretation

Deep Monitoring Fluid-Flow Modeling

Susan Katherine Seyyed Hailun Ni Dallas
Hovorka Romanak Hosseini Dunlap

Graduate Students

Postdoctoral
Economist

GULF COAST CARBON CENTER

Geologic Characterization

Carlos Uroza Alex Bump Timothy Mariana Shuvajit
Meckel Olariu Bhattacharya

Project Communications
Manager Coordinator International Research Fellows

Tim Dixon Charles Jenkins
Angela Dolores ,
i IEAGHG, UK , i
Luciano van der Kolk CSIRO, Australia

Ruba Afifi Javid Aliyev Previna Sean Bimar
Arumugam Avitt Maulana
‘8 BUREAU OF
Economic

= (GEOLOGY

Melianna
Ulfah



	GCCC Sponsors’ Meeting�January 29–30, 2025�Austin, TX
	Looking back at research monitoring
	Tools to Assure Storage Permanence 
	“All models are wrong but some are useful”  George E.P. Box 1976
	 Cranfield plume front maps�at early time
	Make model “useful” (per Box) create possible plume front maps  of unactable outcomes – risk of plume exceeding AoR
	Collect targeted monitoring data that systematically reduces risk
	General Principal for validation of modeling by monitoring 
	 Eliminate need for endless modification of  models
	Sensitivity analysis for above-zone leakage detection time in models 
	Pressure as model match
	Plume tracking
	CO2 plume  meets unexpected barrier and expands asymmetrically�
	CO2 preferentially accesses only part of the intended storage zone (are pressure and CO2 plume are larger than expected?)�
	 CO2 plume has lower than expected saturation and expands laterally larger than expected�
	CO2 plume simulation history match with breakthrough
	GCCC Scientific Method Monitoring Design (ALPMI)
	Main points
	スライド番号 19


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



