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2 | Problem Statements

Sustainability of shale oil/gas production:

° Lar%e variability and unexpected rapid decline in well production
(up 95% reduction over first 3 years)

> New wells to be drill to maintain the supply, with increasing
cost/well

° Low recovery rates (<10%), with little known about secondary gas
recovery in “brown fields” (>90% of total gas reservelll).

° Long-term production projection largely empirical

Locating sweet spots, maximizing individual wellbore
production while minimizing environmental impacts.

° Existing practice largely empirical.

Limiting step of oil/gas production:
° Fluid interaction and transport in nanoporous shale matrix
> Knowledge drawn from conventional reservoirs is not applicable.

° Mechanistic pndersjcandin% of oil/gas disposition and release in
shale matrix is crucial for ev_eloplng engineering approach to
maiglmlzlng wellbore production and extending the production
cycle.

Oil/gas release from Fluids “flow” from kerogen via

kerogen pores (Pore size: —) microfractures or connected pore

nanometer scale) networks (Channel size: micrometer
scale)

Limiting step(s)

Average Monthly Gas Rate (M MCFD)

s 1
Months On Production

Robertson (2013)

Fluids flow into hydraulic fractures then to
production well
(Channel size: millimeters to decimeters)




Shale as a nanocomposite Pore Size Distribution
material

for Calmar Fm. Shale
Wabamun Lake Area, Alberta Basin, Canada
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Effects of nanopore confinement
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Bulk phase fluids ) N.anofluids
(Unconfined or pore size > Nanoconfinament (Confined in nanopores, pore
~100 nm) size < ~100 nm)
EOS = f(P, T, composition) EOS = f(P, T, composition, pore
size, surface chemistry)
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Wang (2014); Zarragoicoechea and Kuz (2004)

Rule of thumb: Chemical species under nanoconfinement
behave drastically differently from those unconfined (i.e.,
those in bulk phase). Nanoconfinement modifies:

* Thermodynamic properties

* Kinetic properties

* Transport properties

*  Others




Emergent transport properties in nanopores:
5 1 Isotopic fractionation
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Conventional Shale formation
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6 I Capabilities for nanogeochemical and nanofluidic studies at SNL
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Nanogeochemistry: Nanostructures, emergent properties and their @_M
control on geochemical reactions and mass transfers
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Fundamental Understanding of CH,-CO,-H,O Interactions in
Shale Nanopores under Reservoir Conditions

(Pl:Yifeng Wang)

Project Description

> This project aims to obtain a
fundamental understanding of CH,-
CO,-H,0 interactions in shale
nanopores under high-pressure and
high temperature reservoir
conditions and integrate this
understanding into reservoir
engineering for efficient shale gas
recovery and subsurface carbon
sequestration.

Major Accomplishments and/or
Deliverables (10 journal
publications)

+ Significant portion of CH, can adsorb
to clay minerals.

» Wellbore production decline could be
attributed to nanoscale gas
disposition and migration in kerogen
nanopores.

» Complex interactions may exist
among CH,-CO,-H,0 components in
kerogen nanopores.

 Existing kerogen models are
inadequate in representing actual
kerogen structures.

Extraction rate (# molecules/ps)
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Molecular dynamics simulations show two stages of methane release
from kerogen: A fast advective release of compressed free gas is
followed by a slow diffusion of adsorbed gas (Scientific Reports, 2016,

6, 28053).
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s CH,-CO,-H,0 interactions in nanopores

Water effect

Assume that water thin CO, invades through water and replaces
films block the pore CH, in the nanopore.
entrance.




Are the existing kerogen models adequate?
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Sorption-Desorption Hysteresis and Chemo-Mechanical
10 I Coupling (?)

Pore volume (cm?/g)
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Understanding multi-component and multi-phase hydrocarbon
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| Project Description

This project will use an integrated
experimental and modeling study as well
as field observations to fundamentally
understand the disposition and release
of complex hydrocarbon mixtures in a
nanopore network of shale matrix and
their transport from low-permeability
matrix to hydrofracking-induced
fracture networks in various reservoir
types from black oil to dry gas.

Phase separation in nanopores controls oil/gas
movement in unconventional reservoirs.
Red and white - water; silver - kerogen; Green - CO,

Ho et al. (2018) Nano Scale (in review)

fluid interaction and transport in shale matrix: From nanoscale
to wellbore production (Pl:Yifeng Wang)
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Expand our nanoscale understanding of fluid flows
in shale matrix to wet gas and black oil reservoirs.
Use machine learning to upscale nanoscale
understanding and incorporate it into a reservoir
simulator.

Establish a scientific basis for a reliable prediction
of wellbore production decline and for reservoir
engineering optimization.




13

Physics-based Machine-Learning (ML) for Data Integration and
Process Upscaling: A gray box approach

Mineral

Kerogen Pore

Supervised learning:
mineral / kerogen / pore

Filters for creating
hidden layers

Intensity  Brightness

Apply neural
network for pixel
level segmentation

forward /inference

backward)learning

NN - neural
network

Hue Saturation
Variance Median
Neighbors Structure
Hessian  Entropy
Gaussian blur

Laplacian
Entropy
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Using Real Time Gas Isotope to

Model Gas Production Decline Curve

3D pore network and pore morphology

3D kerogen pore network
Pore connectivity

Pore size distribution

Pore morphology

Kerogen spatial distribution

Kerogen and shale properties (measurements)

Density

Maturity

C0O,-CH, gas sorption

Micro-FTIR / micro-Raman spectroscopy

Auger Nanoprobe elemental analysis

Nano indentation / Nano-mechanical property
Imaging with artificial pyrolysis generated pores
Imaging with artificial stress generated fractures
Percolation or imbibition measurements

Kerogen properties (MD & cDFT simulations)

CO,-CH, gas sorption modeling

DFT modeling infrared spectroscopy with maturity
Atomistic modeling of stress generated fracture
Thermal dynamic modeling of pore generation

Training
dataset

~ for deep
learning

ML

Reduced
order models
Constitutive
relationships
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14 1 Research Team & collaborators

Name [ Expertise _______JRole

Yifeng Wang

Tuan Anh Ho
Philippe Weck
Guangping Xu

Louise Criscenti

Yongliang Xiong
Hongkyu Yoon

Stephen Verzi

Nanogeochemistry

Molecular modeling
Molecular modeling

Experimental
geochemistry

Geochemical modeling

High-temperature-high
pressure geochemistry

Lattice Boltzmann
simulations

Machine learning

P.I., integration,
reactive-transport model

MD simulations
DFT and cDFT simulations

Material
characterization, flow-
through & imbibition
experiments

MD simulations

Sorption-desorption
measurements

Pore network simulations

Machine learning

()




15 1 External Collaborations

NETL: Fracking fluid-
shale interactions
(Angela Goodman; Ale
Hakala)

Schlumberger-Doll
Res.: Kerogen
characterization
(Drew Pomerantz)

ARAMCO Services: Non-
Darcy flow in shale
(Hui-Hai Liu)?

West Virginia Univ.:
Isotope geochemistry,
kerogen model
development
(Shikha Sharma)

MIT: Kerogen model
development
(Roland Pellenq)

KOGAS: Field data
acquisition &
integration




