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Project Overview

Objective: To develop the knowledge base and quantitative
predictive capability to describe the most important processes
and phenomena associated with gas production from hydrate

deposits

Project Components:
e TOUGH+HYDRATE: simulator for ot vaer [+~

hydrate-bearing reservoirs - s
» Design and evaluation of DOE and |

industry production tests [
« Behavior of hydrates in the natural £ e

environment R i

- ol S L e
» Coordinated laboratory work -
= =

e Collaborations and training

This was the 15t year ($500K) of a new project, part of a 20+-year
DOE-funded hydrate program at LBNL



Technical Status

Continuing studies on the characterization and analysis of
recoverable resources from gas hydrate deposits.
FY 18-19:
Task 1: Project Management and Planning
Task 2. Code Maintenance, Updates, and Support
 Publications
Task 3: Support of DOE’s Field Activities and Collaborations
 Publications
e Code Comparison Study
 Alaska Field Test
Task 4. Exploration of High-Efficiency Modeling Methods for Hydrate
Reservoir Simulation
* Novel ML Methods for Hydrate EOS
Task 5: Tech Transfer and Reporting
 Publications and Presentations



Code Maintenance and Upgrades

TOUGH+HYDRATE Codes
Latest hydration P-T
1. Components I 2. Phases I relationships; state-of-the art
(1) H,0 (1) Aqueous I . e
(2) CH4 HZO’ CH4, S, I é LW-H?/?’, -
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(6) Heat < o] // v
Components in red: Minimum necessary (3) SOIid'Hydrate ) 2] /‘/
(*): For kinetic dissociation CH,.NH,0 / ~{tw-v] {
30 Possible phase (4) Solid-Ice 4/ ;

combinations H,O i s s _
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T+H is a fully compositional simulator capable of handling (a) equilibrium
or kinetic dissociation, and (b) all possible dissociation mechanisms
(depressurization, thermal stimulation, inhibitor effects, combinations)
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Code Maintenance and Upgrades

New “Millstone” Coupled Geomechanical Simulator

L L1 .
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. IFDM Points
. FEM Nodes

FEM Mesh A FEM Quadrature Points

 Millstone includes a 2D axisymmetric formulation for vertical
well problems and user-controlled constitutive models
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Code Maintenance and Upgrades

New “Millstone” Coupled Geomechanical Simulator
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 Millstone includes a 2D axisymmetric formulation for vertical
well problems and user-controlled constitutive models
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Code Maintenance and Upgrades

* New coupled T-H-M codebase published in April 2019:

1. Moridis, G.J., Reagan, M.T., Queiruga, A.F., “Simulation of Gas Production from
Multilayered Hydrate-Bearing Media with Fully Coupled Flow, Thermal, Chemical
and Geomechanical Processes Using TOUGH+Millstone, Part I: The Hydrate
Simulator,” Transport in Porous Media, 128, 405-430, doi: 10.1007/s11242-019-
01254-6.

2. Queiruga, A.F., Moridis, G.J., Reagan, M.T., “Simulation of Gas Production from
Multilayered Hydrate-Bearing Media with Fully Coupled Flow, Thermal, Chemical
and Geomechanical Processes Using TOUGH+Millstone, Part II:
Geomechanical Formulation and Numerical Coupling” Transport in Porous
Media, 128, 221-241, doi: 10.1007/s11242-019-01242-w.

3. Reagan, M.T., Queiruga, A.F., Moridis, G.J., “Simulation of Gas Production from
Multilayered Hydrate-Bearing Media with Fully Coupled Flow, Thermal, Chemical
and Geomechanical Processes Using TOUGH+Millstone, Part Ill: Application to
Production Simulation,” Transport in Porous Media, 129, 179-202, doi:
10.1007/s11242-019-01283-1.
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Support of International Collaborations

 Multiple international collaborations/field studies resulted in new
publications in FY19:

4. Moridis, G.J., Reagan, M.T., Queiruga, A.F., Collett, T.S., Boswell, R.,
Evaluation of the Performance of the Oceanic Hydrate Accumulation at the
NGHP-02-9 Site of the Krishna-Godavari Basin During a Production Test and
Under Full Production, J. Marine and Petroleum Geology, in press, doi:
10.1016/j.marpetge0.2018.12.001.

5. Moridis, G.J., Reagan, M.T., Queiruga, A.F., Kim, S.J., System response to gas
production from a heterogeneous hydrate accumulation at the UBGHZ2-6 site of
the Ulleung basin in the Korean East Sea, J. Pet. Sci. Eng.,178, 655-665. doi:
10.1016/j.petrol.2019.03.058.
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International Code Comparison Study

International effort to compare coupled flow-thermal-geomechanical
simulators used for the simulation of gas hydrate production

» 5 shared test problems ranging from 1D flow simulations to 3D T-H-M
production cases

 LBNL problem lead for Problem #3 (radially symmetric flow and
geomechanics, compared to analytical solution)

 LBNL tested flow-geomechanics against an analytical solution
 LBNL also tested mesh convergence for standard Darcy-based
hydrate simulation methods
« How do we design our meshes?
« Arewe using the correct discretization?
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International Code Comparison Study

Results: Coupled flow-geomechanics gives close match to analytical
solution (Rudnicki, 1986).

p— Qs/h E (£(r ) u, = (Qs/Maf(E(r, )
dtk/n TV " 8n(k/n)(Ky + 4G/3)
Depressurization (no hydrate)
num results_plane_strain_0.8
num results_plane_strain_0.9
9M num results_plane_strain_1.0
num results_plane_strain_1.1
= = Analytical
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International Code Comparison Study

Results: Coupled flow-geomechanics gives close match to analytical

solution (Rudnicki, 1986).
Depressurization (no hydrate)

0 num 0.8
num 0.9
—-0.0002 num 1.0
num 1.1
—~—0.0004 .
c — = analytical
*—I -0.0006
-
—0.0008
-0.001
0 1000 2000 3000 4000 5000

r(m)
 First known convergence and validation study for T+H+M+Hydrates

« TOUGH+HYDRATE/Millstone validation work to be published in
FY20
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International Code Comparison Study

Results: Current “fine” meshes converge
 Lensing behavior appears as discretization becomes finer
 Net production response not as sensitive to mesh (1D)

Depressurization w/hydrate
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Alaska Field Test

e Simulation studies delayed pending receipt of data/geological models
* Preliminary data received in July 2019
 Geological model and meshes in active development
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Novel ML Methods for
Hydrate Reservoir Simulation

13 phase combinations for “just”
methane hydrates:

(Broad) Challenge:

* Multiphase, multicomponent, reactive
equations of state are complex to
derive, program, and numerically solve.

e Extending with new physics or tweaking
numerical algorithms seems intractable

A common bottleneck in hydrate
simulations is switching back and forth
between states

Goal: Improve computational efficiency and
simplify development using machine
learning methods.
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Differentiable Programming through
Deep Learning

New Approach: Use autoencoder dimensionality reduction to search for new
“primary variables” and representations
* Replace primary variables and states with an ML “database” (q)

Offline: Learn material representation: Production: Generate Residual
T T
P P J v
—»| Encoder ({-»=] Decoder |—p» q Decoder || Units | 37 P = V- F+R(q)
P p I\
h 0 il
) 0q
Load into simulator
Optimize Loss Function: Integrate on Latent Space:
: 2
miny 2, (D(E@)) = x) ¢ = ¢ =151 R(¢g")

* Not just doing neural networks; superset of "Deep Learning”
e Carefully crafted architectures informed by thermodynamics
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Unsupervised Classification

Vhat can it
irn from the
IAPWS?







Novel ML Methods for Hydrate Reservoir
Simulation

* Differentiable simulator allows improved and real-time history
matching (i.e. field tests)

* Going for the future of software engineering by replacing
* 100k lines of Fortran, fits hand-typed into routines, with:
* Combination of Python and compiled ML models that learn new
representations of the physics
* Replace painstaking programming of logic with program
synthesis and optimization
* Next: implementing in reservoir simulator

E;zpe nts  Matenal Simulation

Database Stc:re Sc as
|9~
@%@—f

End User
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Tech Transfer and Reporting

 Five publications

1. Moridis, G.J., Reagan, M.T., Queiruga, A.F., “Simulation of Gas Production from
Multilayered Hydrate-Bearing Media with Fully Coupled Flow, Thermal, Chemical and
Geomechanical Processes Using TOUGH+Millstone, Part I: The Hydrate Simulator,”
Transport in Porous Media, 128, 405-430, doi: 10.1007/s11242-019-01254-6.

2. Queiruga, A.F., Moridis, G.J., Reagan, M.T., “Simulation of Gas Production from
Multilayered Hydrate-Bearing Media with Fully Coupled Flow, Thermal, Chemical and
Geomechanical Processes Using TOUGH+Millstone, Part I[I: Geomechanical Formulation
and Numerical Coupling” Transport in Porous Media, 128, 221-241, doi: 10.1007/s11242-
019-01242-w.

3. Reagan, M.T., Queiruga, A.F., Moridis, G.J., “Simulation of Gas Production from
Multilayered Hydrate-Bearing Media with Fully Coupled Flow, Thermal, Chemical and
Geomechanical Processes Using TOUGH+Millstone, Part Ill: Application to Production
Simulation,” Transport in Porous Media, 129, 179-202, doi: 10.1007/s11242-019-01283-1.

4. Moridis, G.J., Reagan, M.T., Queiruga, A.F., Collett, T.S., Boswell, R., Evaluation of the
Performance of the Oceanic Hydrate Accumulation at the NGHP-02-9 Site of the Krishna-
Godavari Basin During a Production Test and Under Full Production, J. Marine and
Petroleum Geology, in press, doi: 10.1016/j.marpetgeo.2018.12.001.

5. Moridis, G.J., Reagan, M.T., Queiruga, A.F., Kim, S.J., System response to gas production
from a heterogeneous hydrate accumulation at the UBGH2-6 site of the Ulleung basin in
the Korean East Sea, J. Pet. Sci. Eng.,178, 655-665, doi: 10.1016/j.petrol.2019.03.058.
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Tech Transfer and Reporting

-

-

Four presentations (two invited):

Reagan, M., “Numerical Studies for the Characterization of Recoverable Resources from
Methane Hydrate Deposits,” Mastering the Subsurface, Carbon Storage and Oil and
Natural Gas Conference, Pittsburgh, PA 13-16 August 2018.

Reagan, M., “Numerical Studies for the Characterization of Recoverable Resources from
Methane Hydrate Deposits,” Project Wrapup Meeting. 28 September 2018.

Queiruga, A., (invited) "Machine Determination of Better Representations of Multiphase
Equation of States for Subsurface Flow Simulation" at Machine Learning in Solid Earth
Geosciences, Santa Fe, NM, 18-22 March 20109.

Queiruga, A., (invited) “Fully Coupled Multimesh Algorithms for Nonisothermal
Multiphase Flow and Mechanics in Geological Formations,” SIAM Conference on
Mathematical & Computational Issues in Geosciences, Houston, Texas, March 2019.
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Technical Status

Milestone Milestone Description Planned Actual Status / Results
Title Completion Completion

Date Date
PMP

Maintenance and update of August 30, 2018 Included with Submitted
- the Project Management SOPO 7/25/18

Plan

Deliverable Updated versions serial May 30, 2019 April, 2019 Three-paper series
and parallel versions of describing software
the T+H/Millstone code published in TiPM.

Deliverable Report describing the design August 31, 2019 September 30,  Simulations of the field test
and performance of the 2019 delayed pending disclosure
proposed field test. of data.

Deliverable Completion participation in August 31, 2019 Ongoing Problem #3 writeup drafted

the code comparison study;
contributions to reports and
publications

Deliverable An assessment of the August 31, 2019
feasibility, effectiveness and
robustness of ROMs



Paths Forward

Task 1: Project Management and Planning ($1K)
Task 2: Code Maintenance, Updates, and Support ($15K)

Task 3: Support of DOE’s Field Activities and Collaborations ($29K)
« IGHCCS2 Completion and Publication

« Support for US-Korea collaboration

o Support for US-India collaboration

Task 4: Design support for a DOE field test on the Alaska North Slope
($350K)

 First datareceived in July 2019
 Beginning with creation of geological model/meshing
 Results in September 2019

Task 5: Tech Transfer and Reporting ($5K)



Accomplishments to Date

TOUGH+HYDRATE and pTOUGH+HYDRATE are used:
* by 40+ research organizations in 18 countries
* by 8 international oil and gas companies

LBNL and/or T+H have been involved in the planning and design
of nearly every international field test or proposed field test:

 Mallik (DOE/Japan)

« PBU-L106 (DOE)
o “Mt. Elbert” Unit-D (DOE)

e Ignik Sikumi (DOE/ConocoPhillips)
« AC818/“Tigershark” (DOE/Chevron) &,
 Ulleung Basin (DOE/KIGAM)

* India NGHP-02 (DOE/India)
 Shenhu (China) (T+H code)
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Accomplishments to Date

Other activities:

Nearly 20 years of experience in laboratory and simulation work

Over 110 publications (50+ peer-reviewed, 60 reports and
conference papers)

Over 70+ national and international presentations (many invited)
10 keynote presentations

Invited presentations at the 2010, 2012, 2018 Gordon Research
Conferences (2018 Keynote)

Feature articles in Journal of Petroleum Technology, Oil and Gas
Reporter, Nature Reports Climate Change

Regular training courses (national and international)
2 MSc and 3 PhD students



Lessons Learned

Recently understood:
e Our hunches concerning meshing have been good
» Basic flow-geomechanic problem validates

Long-term experience tells us:
« Complex hydrate systems are challenging to simulate!

e Sharp fronts - small timesteps

« Consumption of CPU-hours: 106++
* Practical production targets must have good boundaries
e Simulations constrained by data limitations

« Are we capturing enough heterogeneity?

* Are the meshes fine enough? (CCS)
 Geomechanical response critical to evaluating potential



Synergy Opportunities

The 2"4 Code Comparison Study is identifying the most critical
Issues related to simulator design and simulation techniques

Comparisons of results obtained using the various approaches
builds confidence in the results and the program

The large scale of hydrate development requires international
collaboration

LBNL and/or T+H have been involved in the planning and design of
nearly every international field test or proposed field test
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Benefit to the Program

The objectives of the overall Program are to:

* Identify and accelerate development of economically-viable
technologies to more effectively locate, characterize, and
produce natural gas and oil resources, in an environmentally
acceptable manner

* Characterize emerging oil and natural gas accumulations at the
resource and reservolr level and publish this information in a
manner that supports etfective development

* (atalyze the development and demonstration of new
technologies and methodologies for limiting the environmental
impacts of unconventional oil and natural gas development
activities

27



Benefit to the Program

Benefits to the program include:

* Developing the necessary knowledge base and quantitative
predictive capability for the description of the most important
processes and phenomena associated with gas production from

hydrate deposits

* Developing the fastest and most advanced numerical simulation
capabilities for the solution of the difficult problems of stability,
characterization, and gas recovery from methane hydrate
deposits

* Involvement in the planning and design of nearly every US and
international field test of hydrate technologies

28



Project Overview
Goals and Objectives

The overall objective of this effort is to further enhance earlier-
developed powerful numerical simulators, and

* Use them to perform studies on the characterization and analysis of
recoverable resources from gas hydrate deposits,

* Ewvaluate of appropriate production strategies for both permafrost
and marine environments,

* Analyze the geomechanical behavior of hydrate-bearing sediments,

* Provide support for DOFE’s hydrate-related activities and
collaborative projects

The research will support the hydrate scientific community by making
available the fastest and most advanced numerical simulation
capabilities for the solution of the difficult problems of stability,
characterization, and gas recovery from methane hydrate deposits.



Organization Chart
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