Transport & Storage

Improved technology for MRV at geologic
carbon sequestration sites

Updated EPA standards and recently released new fiber optic sensing technology, such as Distributed
Strain Sensing Rayleigh Frequency Shift (DSS-RFS), have set a new paradigm for more efficient
monitoring, reporting and verification (MRV] in geologic carbon sequestration sites. By Jim McMahon.

According to the United States Environmental
Protection Agency (EPA), as of March 2023 a
total of two commercial-scale Class VI wells
are in operation in the U.S., with 73 projects
awaiting permits. Due to the large CO2 injec-
tion volumes occurring and/or planned at these
well sites, the relative buoyancy of CO2, its
mobility within subsurface geologic forma-
tions, its corrosivity in the presence of water,
and the potential presence of impurities in the
captured CO2 stream, the EPA has deter-
mined that existing Underground Injection
Control (UIC) regulations for Class VI wells
are necessary to manage the unique nature of
CO2 injection for GS. A critical component of
these regulations encompasses MRV.

Monitoring, Reporting and
Verification

Monitoring, reporting and verification associ-
ated with GS injection projects is an important
component of the UIC program. MRV data
can be used to verify that the injectate is safely
confined in the target formation, minimize
costs, maintain the efficiency of the storage op-
eration, and confirm that injection zone pres-
sure changes follow predictions.

The EPA’s established MRV requirements for
GS projects, including sub-seabed offshore
formations, are built upon longstanding pro-
grammatic requirements for underground in-
jection in place since the 1980s, with periodic
updates including the February 22, 2023 re-
lease, Geologic Sequestration of Carbon Diox-
ide, 40 CFR Part 98 Subpart RR. These re-
quirements are designed to prevent CO2
movement into Underground Source of
Drinking Waters (USDWs) by addressing the
potential pathways through which injected
CO2 fluids can migrate into USDWs and
cause endangerment to human water usage

supplies.

These mandates address the following: a) Site
characterization with an assessment of the ge-
ologic, hydrogeologic, geochemical and ge-
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Fiber optic data acquisition units on a remote well pad location (Image courtesy Neubrex Ltd)

omechanical properties of the proposed GS
site to ensure that wells are located in suitable
formations; b) Well construction using materi-
als that can withstand contact with CO2 over
the life of the GS project; ¢) Computational
modeling that accounts for the physical and
chemical properties of the injected CO2 based
on available site characterization, monitoring
and operational data; and d) Periodic re-evalu-
ation to incorporate monitoring and opera-
tional data and verify that the CO2 plume and
the associated area of elevated pressure are
moving as predicted within the subsurface.

GS sites are required to develop and imple-
ment a site-specific MRV plan which, once
approved by EPA, would be used to verify the
amount of CO2 sequestered and to quantify
emissions if injected CO2 leaks to the surface.
The GS reports must include information to
outline how monitoring will achieve surface
detection and quantification of CO2, and the
amount (flow rate) of injected CO2 for the
mass balance equation that will be used to
quantify the amount of CO2 sequestered by a
facility.

Robust oversight must be maintained of the

CO2 stream, injection pressures, integrity of
the injection well, groundwater quality and
geochemistry, and monitoring of the CO2
plume and position of the pressure front
throughout injection. Additionally, compre-
hensive post-injection monitoring following
cessation of injection is required to show the
position of the CO2 plume and the associated
area of elevated pressure to demonstrate that
neither poses an endangerment to USDWs.

Mechanical Integrity Testing
(MIT)

Injection well MIT is a critical component of
the EPA’s UIC program’s requirements de-
signed to ensure USDW protection from en-
dangerment. Testing and monitoring the in-
tegrity of an injection well at an appropriate
frequency throughout the injection operation,
in conjunction with corrosion monitoring of
well materials, can verify that the injection sys-
tem is operating as intended or provide notice
that there may be a loss of containment that
may lead to endangerment of USDWs.

Routine MITs enable operators to ensure that




Transport & Storage

well integrity is maintained from construction
throughout the life of the injection project.
UIC regulations require injection well opera-
tors to demonstrate both internal and external
mechanical integrity.

Internal mechanical integrity is an absence of
significant leakage in the injection tubing, cas-
ing, or packer. Leakage occurs due to corrosion
or mechanical failure of the injection well’s
tubular and mechanical components. UIC reg-
ulations require continuous monitoring to
demonstrate well integrity. This is driven by
concerns that the potential corrosivity of CO2
in the presence of water and the anticipated
high pressures and volumes of injectate could
compromise the integrity of the well.

Continuous monitoring is essential because it
allows for the immediate identification of cor-
rosion-related mechanical integrity problems
or problems due to temperature and pressure
effects associated with injection of supercritical

CO2.

External well mechanical integrity is demon-
strated by establishing the absence of signifi-
cant fluid movement along the outside of the
casing, generally between the cement and the
well structure, and between the cement and the
well-bore. Failure of an external MIT can indi-
cate improper cementing or degradation of the
cement that was replaced to fill and seal the an-
nular space between the outside of the casing
and the well-bore.

This type of failure can lead to movement of
injected fluids out of intended injection zones
and toward USDWs. EPA requires operators
of CO2 injection wells to demonstrate external
mechanical integrity at least once annually dur-
ing injection operations using a tracer survey or
a temperature or noise log.

Groundwater/Geochemical

Groundwater and geochemical monitoring are
important to ensure protection of USDWs
from endangerment, preserve water quality,
and allow for detection of any leakage of CO2
or displaced formation fluids out of the target
formation and/or through the confining layer.

Periodically analyzing groundwater quality —
salinity, pH, and aqueous and pure-phase
CO2 - above the confining layer can reveal
geochemical changes that result from leaching
or mobilization of heavy metals and organic
compounds, or fluid displacement. EPA re-
quires periodic monitoring of the groundwater
quality and geochemical changes above the
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confining zone, based on a flexible monitoring
regime, with the amounts and types of moni-
toring being site specific.

Pressure Fall-Off Testing

Pressure fall-off tests are designed to deter-
mine if reservoir pressures are tracking as pre-
dicted. The results of pressure fall-off tests will
confirm site characterization information and
verify that projects are operating properly, and
that the injection zone is responding as pre-

dicted.

Pressure fall-off testing provides valuable in-
formation, and the EPA specifies that a five-
year frequency is appropriate. The EPA be-
lieves that this frequency will allow for ade-
quate pressure tracking in the injection forma-
tion. It will also help to verify that the opera-
tion is responding as modeled and predicted
and allow the operator to take appropriate ac-
tion if the monitoring results do not match ex-
pectations.

Monitoring CO2 Plume and
Pressure Front

Monitoring the movement of the CO2 and
the pressure front are necessary to identify po-
tential risks to USDWs posed by injection ac-
tivities, verify predictions of plume movement,
provide inputs for modeling, identify needed
corrective actions, and target other monitoring
activities.

UIC regulations require tracking of the plume

and pressure front by direct pressure monitor-
ing via monitoring wells in the first formation
overlying the confining zone, or by using indi-
rect geophysical techniques such as seismic
profiling, electrical, gravity, electromagnetic
surveys, or down-hole CO2 detection tools.

The EPA adds that operators may consider
performing additional pressure monitoring in
wells that are above the confining zone to pro-
vide additional verification that no pressure
changes are occurring above the confining
zone due to CO2 leakage or displacement of
native fluids.

Distributed Fiber Optic
Sensing in Support of
Geologic Sequestration MRV

The deployment of fully distributed fiber optic
sensors into deep wells to monitor acoustic vi-
brations, mechanical strain, reservoir tempera-
ture and reservoir pressure distribution, in sup-
port of oil and gas down hole applications and
CO2 injection, has advanced considerably over
the last decade.

Because a fiber optic cable can be installed in
harsh environments for long periods of time,
the technology holds promise for environmen-
tal monitoring of sensitive subsurface opera-
tions. Many geofluid systems, including GS,
require dynamic acoustic, temperature, strain
and pressure monitoring at great pressure,
depth and temperature. Sensing systems that
employ downhole fiber optic cables serve par-
ticularly well for long-term well monitoring
and well-integrity monitoring.
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Distributed fiber optic sensing provides the
critical capability of measuring multiple physi-
cal phenomena along the entire length of an
internal borehole, as well as monitoring the
conditions of the near-well bore region, out-
side of pipe subsurface rock formations, sup-
porting verification and accounting of geologic
carbon sequestration projects.

Distributed fiber optic sensing technologies
that support GS include Distributed Acoustic
Sensing (DAS), Distributed Temperature
Sensing (DTYS), Distributed Pressure Sensing
(DPS), and Distributed Temperature Strain
Sensing (DTSS). While DAS and DTS tech-
nologies have achieved success in many GS ap-
plications, DTSS provides not only tempera-
ture, but also the absolute, differential time
lapse and dynamic strain deformation profiles
along the full length of optical fiber, over dis-
tances reaching up to tens of kilometers. Dis-
tributed Pressure Sensing is in development
and shows great promise in lab development
and testing. It has yet to be proven at field level.

As good as DAS, DTS and DTSS technolo-
gies are, the increasing demand for monitoring
geofluid systems, like geologic sequestration,
has encouraged further development of spe-
cialized technologies capable of very high sen-
sitivity and reliability, along with mechanical
robustness suitable for harsh operational envi-
ronments. One of these more recently devel-
oped technologies, Distributed Strain Sensing
Rayleigh Frequency Shift (DSS-RFS), repre-
sents a significant breakthrough for geologic
sequestration MRV. It leverages significant
advancements in hydrocarbon production op-
erations and has clear cross over applications to
GS applications.

Distributed Strain Sensing
Rayleigh Frequency Shift
(DSS-RFS)

The latest generation of fiber optic sensing sys-
tems employed to monitor deep well condi-
tions, Distributed Strain Sensing Rayleigh
Frequency Shift (DSS-RFS) is a truly trans-
formative technology for augmenting opera-
tional performance in GS. Providing critical
data about the downhole well environment
from distributed fiber optic sensing, DSS-RFS
improves the ability of engineers and scientists
to more efficiently and effectively understand
strain and temperature dynamics of the subsur-
face and support engineering operational,
monitoring, reporting and verification activi-
ties and goals that support GS.

DSS-RES uses Rayleigh Wavelength, optical-
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ly sourced backscatter in a nonengineered sin-
gle mode silica (glass) fiber to measure strain
and temperature changes along the fiber. Ad-
vanced through research, development and
field application by Neubrex Ltd, Kobe, Japan,
distributed fiber optic-based strain and tem-
perature sensing measurements are made based
on the frequency shift of the Rayleigh optical
scattering spectrum, which is linearly depen-
dent on strain and temperature changes ap-
plied to the sensing fiber. Strain changes along
the wellbore are continuously measured at fine
spatial scale during operations of the GS well.

The principle of the DSS-RFS method can be
explained accordingly: When an optical fiber is
manufactured, random inhomogeneities of the
glass density are created in the fiber core. The
random density heterogeneities manifest as a
variation of refractive index along the fiber. For
a certain laser frequency, the constructive and
destructive interferences between the Rayleigh
backscatters cause irregular but unique ampli-
tude fluctuations in the coherent optical time-
domain reflectometer along the fiber length.

For each discrete fiber segment, a unique
Rayleigh scattering spectrum (like a finger-
print) is obtained by scanning the fiber with a
coherent optical time-domain reflectometer
with a range of laser frequencies using a tun-
able-wavelength laser system. This unique
Rayleigh scattering spectrum shifts in frequen-
cy space if the temperature and/or mechanical
strain on the fiber section changes, which caus-
es the spacing and optical delay to vary be-
tween the scatterers. This change is detectable
and measurable with Neubrex technology.

DSS-RFS technology permits tens-of-thou-
sands of points down a fiber that is attached to
a tubing string or casing string to be measured
very quickly every 20 centimeters along the en-
tire fiber length deployed in or along the well-
bore. The continuous glass fiber strand inside
the cable can sense very small physical length
changes at a large range of frequencies. These
measurements of thermally or mechanically-
driven strain change, as a function of time and
depth, are valuable to engineers who use the
data to gain an understanding of what is occur-
ring deep down in the well. No other technol-
ogy provides such insight.

Changes in temperature (degrees), strain (mi-
cro-strain unit), acoustics (dB, noise) and pres-
sure (psi) can be made in real-time while CO2
injection is occurring. This helps field engi-
neers understand what is happening in these
deep wells much better than with previous dis-
crete sensor-position technologies. Data driv-
en changes or adjustments to operational plans

or maintenance plans can then be made when
warranted, to optimize the GS operation and
make wells with better long-term sequestration
performance, efficiency and efficacy.

DSS-RFS is employed in application by
Neubrex Energy Services, the U.S. division of
Neubrex Ltd. The company's DTSS product
line is known as Neubrescope®. It is actively
deployed in North America in different opera-
tional settings, such as oil and gas, CCS and
geothermal operations.

“Neubrescope DSS-RFS is well designed for
monitoring geologic sequestration operations,"
said Dana Jurick, Executive Vice President and
General Manager of Neubrex Energy Services.
"Nevertheless, companies involved in GS are
still in the learning, testing, qualification and
acceptance phase of using fiber optics and how
they can be reliably, safely and economically
installed, and used in a well and long term well
operations.”

“Once installed in a well, operators are learning
what measurements can be made, and how it
differs from competing technologies,” added
Jurick. “The value proposition of this technol-
ogy application is actively being explored by
many GS companies, both domestically in the
U.S. and internationally in numerous CCS
projects.”

New Paradigm for Carbon
Sequestration Sites

Monitoring, reporting and verification associ-
ated with GS injection projects is an important
component of the EPA’s UIC regulations.
Fiber optic derived data, combined with other
data types, can support MRV requirements
and can be used to verify that the CO2 injec-
tate is safely confined in the target formation,
minimize costs, maintain the efficiency of the
storage operation, and confirm that injection
zone pressure changes follow predictions.

MRV requirements can now be better realized
with the application of Distributed Strain
Sensing Rayleigh Frequency Shift (DSS-
RFES), which has set a new paradigm for more
efficient monitoring, reporting and verification
in geologic carbon sequestration sites. E
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